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ABSTRACT
A sequence of events, dominated by two outbursts and ending with the preperihelion disintegration of
comet C/2017 S3, is examined. The onset times of the outbursts are determined with high accuracy
from the light curve of the nuclear condensation before it disappeared following the second outburst.
While the brightness of the condensation was declining precipitously, the total brightness continued to
grow in the STEREO-A’s HI1 images until two days before perihelion. The red magnitudes measured
in these images refer to a uniform cloud of nuclear fragments, 2200 km2 in projected area, that began
to expand at a rate of 76 m s−1 at the time of the second outburst. A tail extension, detected in some
STEREO-A images, consisted of dust released far from the Sun. Orbital analysis of the ground-based
observations shows that the comet had arrived from the Oort Cloud in a gravitational orbit. Treating
positional residuals as offsets of a companion of a split comet, we confirm the existence of the cloud of
radiation-pressure driven millimeter-sized dust grains emanating from the nucleus during the second
outburst. We detect a similar, but compact and much fainter cloud (or a sizable fluffy dust aggregate
fragment) released at the time of the first outburst. — The debris would make a sphere of 140 m across
and its kinetic energy is equivalent to the heat of crystallization liberated by 108 g of amorphous water
ice. Ramifications for short-lived companions of the split comets and for 1I/‘Oumuamua are discussed.
Subject headings: comets: individual (C/2017 S3 Pan-STARRS, 1I/2017 U1 ‘Oumuamua, C/1993 A1
Mueller) — methods: data analysis
1. COMET’S DISCOVERY AND EARLY BEHAVIOR
The discovery of comet C/2017 S3 was reported jointly
by R. J. Wainscoat and R. Weryk to result from sys-
tematically surveying the sky with the Pan-STARRS 1
180-cm f/4.4 Ritchey-Chre´tien telescope at Haleakala¯,
Hawaii, on 2017 September 23; prediscovery images of
the comet were subsequently identified in several expo-
sures taken on August 17 and September 7 (Green 2017).
At the time of discovery, the object was of magnitude 21,
not stellar in appearance, and showing possible asymme-
try to the east. The preliminary orbit (Williams 2017a,
2017b) was still too uncertain to reveal the object’s ori-
gin, but a subsequent orbit determination that linked
about 50 astrometric observations over a period of three
months, from August 17 to November 18 (Nakano 2018a),
already left no doubt that C/2017 S3 was a dynamically
new comet that had arrived from the Oort Cloud. These
computations also implied that the comet was near 5 AU
from both the Sun and the Earth when discovered, that
it was on its way to perihelion at 0.21 AU from the Sun,
to arrive shortly before 2018 August 16.0 UT, and that
the orbital plane had an inclination of 99◦ to the plane
of the ecliptic.
The comet was an unimpressive object at heliocentric
distances greater than 1.3 AU before perihelion, and
few physical observations are available from that period
of time. Between 2.3 AU and 1.4 AU from the Sun,
the comet’s total brightness corrected for the phase ef-
fect, normalized to 1 AU from the Earth, and after per-
sonal and instrumental corrections have been applied,
was found to have varied with heliocentric distance, r,
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according to a power law r−n, where n = 3.0± 0.5, close
to Whipple’s (1978) average for Oort Cloud comets be-
fore perihelion; the “absolute” magnitude (normalized to
1 AU from the Sun) amounted to H0 = 10.7± 0.3, which
made the comet a likely candidate for imminent disinte-
gration (Section 4.2).
As late as the second half of June 2018, only 7–8 weeks
before perihelion, the comet looked like a faint speck of
light,1 never reported brighter than magnitude 13. More-
over, scattered values of a dust-production rate proxy pa-
rameter Afρ from late June (see footnote 1) clustered in a
range of 50–55 cm, implying an object depleted in dust,
in line with the essentially spherical coma, hardly any
dust tail at all, and additional evidence that is presented
below. In summary, a lackluster performance.
And then it happened: As June was making way for
July, the comet exploded dramatically, rapidly develop-
ing a sharp, brilliant nuclear condensation and finding
itself all of a sudden at the life’s crossroads. Its fate was
about to be sealed in the next few weeks.
2. PHENOMENON OF COMETARY OUTBURST
With the advent of space exploration, cometary activ-
ity has been recognized to consist of contributions from
a number of discrete sources on and beneath the surface
of the nucleus, whose emission rates vary with time, de-
pending on their composition, morphology, dimensions,
and the solar energy input received. As a function of the
orbit, the nucleus’ shape, rotation, and other properties,
the comet’s light curve is always complex, with frequent
1 See a set of images taken by E. Bryssinck with a 40-cm f/3.8
astrograph at Brixiis Observatory (Code B96) on 2018 June 22–30
at http://www.astronomie.be/erik.bryssinck/c2017s3.html.
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short-term ups and downs. From time to time, a major
subsurface reservoir of ices is activated, leading to a sud-
den surge in brightness — an event that is referred to as
an outburst .
With no universally accepted definition, we follow here
the description proposed by Sekanina (2010), according
to which an outburst is any sudden, prominent, and un-
expected brightening, caused by an abrupt short-term in-
jection of massive amounts of volatile material from the
nucleus into the atmosphere. The fundamental param-
eters that describe an outburst in a comet’s light curve
are: (i) the time of onset, (ii) the brightness at the peak,
(iii) the rise time (between the onset and the peak), and
(iv) the amplitude (the increase in brightness from the
onset to the peak). Also critital is the degree of asym-
metry between the event’s rising and subsiding branches.
The rise time can be as short as a fraction of a day and
very seldom exceeds a few days. The amplitude should
equal at least 0.8–1.0 mag, equivalent to a flux increase
by a factor of 2 to 2.5, but is usually a few magnitudes.
The more appropriate parameters from the standpoint
of outburst physics are described elsewhere (Sekanina
2017), together with analysis of the photometric data for
20 selected events experienced by 10 comets.
Cometary outbursts are frequent and very diverse phe-
nomena, which can be categorized from various points of
view. In regard of C/2017 S3, we mention two major cri-
teria: one is the overall temporal profile, which separates
gas-dominated from dust-dominated outbursts; the other
criterion is the degree of repercussions for the comet’s
post-event evolution, which divides the outbursts into
innocuous and ominous (or portentous) and subdivides
the latter into nonfatal and cataclysmic.
The main difference between the gas-dominated and
dust-dominated outbursts is the degree of asymmetry be-
tween the rising and subsiding branches. Gas-dominated
events are nearly symmetric relative to the peak, partic-
ularly at smaller heliocentric distances, because the sub-
siding branch reflects the fairly short photodissociation
lifetime of the molecular species, primarily diatomic car-
bon, observed in the light curve. The subsiding branch of
dust-dominated events is much more extended because it
is determined by the residence time of dust grains in the
coma, which, for larger particles in particular, is consid-
erably longer than the dissociation lifetime of molecules.
Accordingly, dust-dominated outbursts are highly asym-
metric with respect to the peak.
Having experienced an innocuous outburst, the comet
does not subsequently exhibit any anomalous changes in
its behavior, the post-event activity pattern resembling
the pre-event one. By contrast, a nonfatal outburst leaves
a mark on the comet’s activity and/or appearance. Fol-
lowing the event, the comet may stay intrinsically ei-
ther much brighter or much fainter over extended peri-
ods of time. A more vigorous effect of a nonfatal out-
burst is its intimate association with — or, rather, a
de facto manifestation of — a splitting of the nucleus
into two or more massive fragments. Some time after
the outburst subsides, the comet’s nucleus begins to ap-
pear double or multiple, with the separation increasing
with time. Its further evolution varies from case to case,
but typically only the primary fragment survives with
no signs of deteriorating health. In a cataclysmic out-
burst the comet’s existence is terminated by complete —
whether rapid or more gradual — disintegration into re-
fractory debris; following the peak, the brightness of the
comet’s near-nucleus region plunges precipitously never
to recover again. Accordingly, this type of outburst could
also be referred to as terminal .
Outbursts are not necessarily isolated events, as they
sometimes come in pairs or larger lineups, separated by
relatively short periods of time. The individual events in
a group of outbursts could be either of the same cate-
gory in terms of the repercussions (e.g., two consecutive
nonfatal outbursts accompanying two nucleus fragmen-
tation events) or of different categories (e.g., an innocu-
ous outburst followed by a cataclysmic outburst). Re-
grettably, one cannot distinguish whether an outburst is
innocuous or ominous until the repercussions become ev-
ident. Accordingly, an unfortunate property of outbursts
is that they cannot serve as ground for prognosticating
the comet’s future health.
3. CONTINUING SAGA OF COMET C/2017 S3
The comet’s explosion, referred to at the end of Sec-
tion 1, was the outset of a bona fide outburst, as defined
in Section 2. The event was first reported by M. Ja¨ger,
who noticed it in an image that he had obtained with a
30-cm f/4 telescope at Stixendorf, Austria (Code A71),
on July 1.98 UT.2 The comet was then 3 mag brighter
than the previous day. From the temporal variations
in the Afρ parameter and in the nuclear magnitudes of
the comet, E. Bryssinck pointed out that the event be-
gan on June 30.3 On July 4.0 UT, Ja¨ger detected a 10′
long ion tail. The nuclear condensation was brightening
according to him until July 4, which is consistent with
A. Novichonok’s estimates of the total magnitude. The
brightness then began to subside and by July 13, the nu-
clear condensation became indistinct to the extent that
Ja¨ger suspected the comet’s disintegration in progress.
However, on July 15.0 UT a second outburst was in
full bloom, the comet described by Ja¨ger as strongly con-
densed and an ion tail apparent. The brightness in an
aperture of 40′′ across was seven times higher than in an
aperture of 12′′, suggesting a relatively flat distribution
of the surface brightness, decreasing with the distance
ρ from the center only as ρ−0.4. M. Meyer noticed on
July 20 that the comet was losing the condensation, a
development reminiscent of the first outburst. The ap-
pearance of the ion tail was intermittent; for example, it
was prominent and nearly 3◦ long in an image taken by
G. Rhemann, Eichgraben, Austria (Code C14), on July
20.0 UT, but was completely missing in his image taken
23 hours later. J.-F. Soulier, observing with a 30-cm
f/3.8 reflector at Maisoncelles, France (Code C10), said
that in an image taken on July 27.06 UT the comet ap-
peared to be “in agony”, while Ja¨ger’s animation using
his images taken on August 1 showed the comet’s head
diffuse and clearly elongated. The last ground-based ob-
servation was made by Soulier on August 3, when the
comet’s elongation from the Sun was 27◦.3; it dropped to
25◦ in the next 24 hours.
2 See a website https://groups.yahoo.com/neo/groups/comets-
ml/conversations/messages/27103.
3 This and following information is extracted from the website
mentioned in the footnote 2, from the messages Nos. 27106, 27126,
27135, 27139, 27149, 27151, 27153, 27164, 27165, 27168, 27176,
and 27179.
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LIGHT CURVE OF NUCLEAR CONDENSATION
OF COMET C/2017 S3 (PAN-STARRS)
(M. JA¨GER’S MAGNITUDE SCALE)
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Figure 1. Light curve of the nuclear condensation of comet C/2017 S3, based on 129 averages of 525 individual nuclear-magnitude de-
terminations by 15 observers. The data were normalized to 1 AU from the Earth and a 4′′ aperture and corrected for instrumental effects
and for the phase effect with the Marcus (2007) law for dust-poor comets. After a gradual brightening, Outburst I began 46.8 days before
perihelion at 1.25 AU from the Sun, Outburst II 32.6 days before perihelion at 0.96 AU from the Sun. The rise time and amplitude equal,
respectively, 4 days and 2.5 mag for Outburst I and 1.5 days and 3.2 mag for Outburst II. The prominent, rapid post-peak fading is typical
of gas-dominated outbursts. Note the steep terminal rate of decline at ∼0.3 mag per day. The perihelion occurred on 2018 August 15.95 TT.
It was fortunate that on July 31 the comet entered the
field of view of the HI1 imager of the STEREO-A space-
craft,4 in which it stayed until August 14. The comet was
easily seen in the level-2 images, which we examined.
More than a week after perihelion, the comet began to
transit the field of view of the C3 coronagraph on board
the SOHO spacecraft. Our inspection of these images
failed to show any trace of the comet.
In the light of this, a report of visual detection of the
comet’s debris 2–3 months after perihelion was rather
unexpected. The recovery remained unconfirmed, as in-
dependent searches failed to corroborate the report.
The comet’s apparent demise soon after the two out-
bursts poses questions on their possible impact, such as:
Which outburst was more damaging to the comet’s nu-
cleus? Or: Would the effects of the second event be less
severe in the absence of the first? We address these and
related issues (i) by studying the changes in the bright-
ness and appearance of the comet with time, and (ii) by
investigating its orbital motion.
4. THE LIGHT CURVE
This section is divided into three parts to accentuate
the differences in the photomteric behavior of the nu-
clear condensation and the comet as a whole, as well as
to underline the apparent correspondence between the
ground-based and STEREO-A light curves.
4.1. CCD Nuclear Magnitudes
It was proposed in Sekanina (2010) that, if properly an-
alyzed, CCD nuclear magnitudes routinely reported with
astrometric observations in the publications of the IAU
Minor Planet Center (MPC) can be used to constrain,
often very tightly, the onset time of outbursts. Because
of equipment differences among the observers (especially
4 See http://stereoftp.nascom.nasa.gov.
in the size of the scanning aperture and the filter used),
appropriate corrections should be applied before the data
sets are combined and the method allowed to work.
Employing this technique, we utilized 129 averages of
525 individual rapid-succession observations of the nu-
clear magnitude (marked by N), as well as color data —
G, R or V — if comparable to N, obtained at 15 observ-
ing sites5 (Codes 970, A71, A77, B96, C10, C23, C47,
D35, G40, J01, J22, J95, K02, L12, Z80). Very few data
were discarded because of their sizable deviations from
the remarkably consistent curve presented in Figure 1,
in which the nuclear magnitudes are normalized to 1 AU
from the Earth and are corrected for the phase effect us-
ing the Marcus (2007) law for dust-poor comets. Rather
arbitrarily, the instrumental corrections were applied to
reduce the data to Ja¨ger’s magnitude scale for a scanning
aperture of 4′′ in radius.
The outbursts differ from one another in several re-
spects. Both the rising and subsiding branches for the
second outburst are distinctly steeper and its amplitude
is higher (3.2 mag against 2.5 mag) than for the first out-
burst. The peak of the second outburst appears to be
distinctly wider, suggesting perhaps that the event con-
sisted of several explosions in rapid succession. The steep
subsiding branches are strong evidence that both out-
bursts were unquestionably gas-dominated events. And
the steeper slope of the second outburst may imply an
effect of the lifetime of molecules, which varies with the
square of heliocentric distance. The rate of fading after
the second outburst was brutal, ∼0.3 mag per day, an
indication that the nuclear region was being very thor-
oughly vacated by gas and photometrically effective dust.
However, one cannot rule out that sizable inactive frag-
ments, which are difficult to detect, still persisted near
the location of the parent nucleus.
5 See http://www.minorplanetcenter.net/db search.
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LIGHT CURVE OF COMET C/2017 S3 (PAN-STARRS)
(TOTAL MAGNITUDES AT ∆ = 1 AU FROM
GROUND-BASED OBSERVATIONS
AND STEREO-A HI1 IMAGES)
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Figure 2. Light curve of comet C/2017 S3 based on the total visual and CCD observations from the ground (solid circles) and measured
by the second author from level-2 images taken with the HI1 imager on board STEREO-A (circled dots). The plotted magnitudes H∆
were normalized and corrected in the same fashion as the nuclear magnitudes in Figure 1. While both light curves show the two outbursts,
they differ from one another dramatically after Outburst II terminated, when the total brightness began to increase again. There is also
possible evidence for a precursor flare-up prior to Outburst I. The measured R magnitudes of the STEREO-A images were converted from
the R to V magnitudes by applying an approximate color index of +0.4 mag. The perihelion occurred on 2019 August 15.95 TT.
The first outburst must have begun many hours before
July 1.0 UT, because three observers reported the comet
to have already been anomalously bright, displaying a
brilliant, starlike nuclear condensation, around the UT
midnight from the 30th to the 1st. These and other ob-
servations made between July 1.0 and 3.0 UT line up
in the plot of the light curve along a slope implying
that the event commenced close to June 30.0 UT, except
that the images by A. Diepvens with a 20-cm refractor
at Olmen, Belgium (Code C23), preclude an onset time
before June 30.1 UT. These constraints provide for the
nominal time of onset for this Outburst I an estimate of
June 30.2± 0.1 UT.
Similarly, the second outburst could not commence af-
ter July 14.9 UT because it was already in progress three
quarters of an hour before the UT midnight of July 15,
when Soulier took the first image of the night. The flare-
up was confirmed a half an hour later, still before the
midnight, by P. Carson’s observations at the Eastwood
Observatory (Code K02), Leigh-on-Sea, Essex, United
Kingdom, with a 32-cm reflector and f/5.4 focal reducer;
and within minutes of the midnight by other observers,
including G. Dangl at Nonndorf, Austria (Code C47),
G. Vandenbulcke at Koksijde, Belgium (Code L12), as
well as Bryssinck and Ja¨ger. On the other hand, the ob-
servations by B. Lu¨tkenho¨ner et al. at the Slooh Observa-
tory on Mt. Teide, Tenerife, Canary Islands (Code G40),
and by K. Hills, who worked with a 50-cm f/2.9 astro-
graph at the Tacande Observatory, La Palma, Canary Is-
lands (Code J22), rule out an onset before July 14.3 UT.
We adopt July 14.4± 0.1 UT as the start of Outburst II.
4.2. Total Magnitudes from Ground-Based Observations,
and the Comet’s Appearance
We were able to collect ground-based observations of
the comet’s total brightness made by 20 observers. Most
of the data come from 14 visual observers, who reported
their results either to the Crni Vrh Observatory’s COBS
Database,6 or to the International Comet Quarterly,7 the
two sources we consulted to collect the data for analysis.
However, because the comet had been very faint before
undergoing the first ourburst, it was necessary to sup-
plement the visual observations with a set of total CCD
magnitudes. Most of these data were obtained from the
Minor Planet Center ’s database of astrometric observa-
tions (see footnote 5), the source that also provided the
large set of nuclear magnitudes.8 Additional total CCD
magnitudes were found in the two sources of visual mag-
nitudes.
Although combining visual and CCD magnitudes car-
ries risks of their questionable compatibility, we used the
method, expounded in some detail elsewhere (Sekanina
2017), that applies appropriate personal and instrumen-
tal corrections to minimize these risks. Since information
on the comet’s brightness at very large heliocentric dis-
tances was too fragmentary, we limited our analysis to an
orbital arc of less than ∼100 days from perihelion. The
compatibility tests were passed by the data sets reported
by only seven CCD observers.9
The total number of ground-based observations, either
visual or CCD, employed in our analysis and plotted in
Figure 2, is 109. All 11 data points beyond 1.4 AU from
the Sun are CCD magnitudes. The scatter among the
total brightness entries is greater than that among the
nuclear magnitudes and it is estimated at ±0.3 mag on
the average. The main problem with the total CCD mag-
6 See http://www.cobs.sl/analysis.
7 See http://www.icq.eps.harvard.edu/CometMags.html.
8 The data reported by observers as the CCD total magnitudes
(with no filter) are marked by T to distinguish them from the CCD
nuclear magnitudes and various color magnitudes.
9 One observer provided both visual and CCD magnitudes, mak-
ing the sum of visual and CCD observers exceed the total number
of observers.
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VARIATIONS IN TOTAL BRIGHTNESS
OF COMET C/2017 S3 (PAN-STARRS)
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Figure 3. Variations in the total normalized brightness of the comet C/2017 S3 as a function of heliocentric distance. The magnitudes
H∆ are identical with those in Figure 2. The comet’s pre-outburst gradual brightening at distances exceeding 1.4 AU from the Sun
preperihelion is shown at the lower left. The extrapolated absolute magnitude H0 and the onset points, Onset(I), Onset(II), and the peak
points, Peak(I), Peak(II), of the two outbursts are depicted. Selected total magnitudes from the level-2 images by the HI1 camera on board
STEREO-A, displayed to the upper right, are the same data as in Figure 2. The comet’s perihelion distance of 0.208 AU is marked by Π.
nitudes is is that they often exclude the outermost coma
and require large corrections to account for this deficit.
The light curve in Figure 2 shows a very gradual bright-
ening of the comet when it was more than 55 days before
perihelion or >1.4 AU from the Sun. Plotted in Figure 3
against heliocetric distance r rather than time, the nor-
malized brightness varies as r−3.04±0.48, a rate that is
rather typical of Oort Cloud comets, as already noted in
Section 1. The visual absolute magnitude, which charac-
terizes the comet’s stamina, is — when extrapolated from
the pre-outburst orbital arc between 2.2 AU and 1.4 AU
from the Sun — equal to H0 = 10.66± 0.32, more than
2 mag below Bortle’s (1991) perihelion-survival limit (of
8.2 for this object) that identifies objects prone to early
disintegration. The subsequent evolution of C/2017 S3,
while unpredictable in detail, was not entirely surprising.
One unexpected minor feature in the light curve in Fig-
ure 2 is a possible precursor flare-up, with an amplitude
slightly exceeding 1 mag, which, if genuine, began about
54 days before perihelion, on June 23. This feature does
not show up in Figure 1.
The profiles of the two outbursts, including their rise
times and the plateau of Outburst II, look rather alike in
Figures 1 and 2. The only slight disparity for Outburst I
is its higher amplitude, equaling 3.5 mag (and rivaling
Outburst II) in the total light.
The stunning difference between the light curves based
on the nuclear and total brightness data is apparent
at the end of Outburst II: while the nuclear condensa-
tion was fading dramatically, the comet’s total bright-
ness stopped subsiding once the flare-up died down. Un-
fortunately, the object was by then less than 30◦ from
the Sun and ground-based observations terminated. The
subsequent developments could luckily be followed in the
images taken by the HI1 camera on board STEREO-A,
as described below.
A characteristic property of C/2017 S3 was its promi-
nent green color, repeatedly commented on by observers.
The color was undoubtedly a corollary of the comet’s vis-
ible spectrum being dominated by the d3Πg→a3Πu tran-
sition of the diatomic carbon molecule, whose strongest
(0–0) band is near 517 nm.
The appearance of the comet was correlated with its
brightness. In the early stage of Outburst I the most
striking feature was a bright, starlike nuclear conden-
sation gleaming through the green coma, with ion tail
reported on a few occasions, but not continuously. As
the outburst proceeded, the condensation was becoming
progressively less distinct and more diffuse over a period
of several days. At the outset of Outburst II, this cy-
cle of morphological changes repeated itself, but as the
event was subsiding, the observers noticed that the con-
densation continued to expand and fade to the point of
disappearance, with the flat surface-brightness distribu-
tion in the inner coma somewhat elongated in the antiso-
lar direction, thereby degrading the quality of astrome-
try. Figure 4 illustrates the contrast between the comet’s
Figure 4. Comparison of the appearance of C/2017 S3: highly
condensed in an early stage of Outburst II (left) and after it per-
manently lost the nuclear condensation (right). The images were
obtained with a 30-cm f/3.8 reflector + CCD (no filter) and each is
4′.6 on a side. (Image credit: J.-F. Soulier, Maisoncelles, France.)
6 Sekanina & Kracht
Figure 5. Examples of the level-2 images of C/2017 S3 taken by the HI1 camera on board the STEREO-A spacecraft on 2018 August 1–14,
shortly before perihelion. The cloud of nuclear debris is located in each frame’s center. From August 7 on, a tail is seen to point to the
upper right. Each frame is 1◦ on a side, the position angle of the direction up is ∼335◦. (Image credit: NASA/SECCHI consortium.)
appearance soon after the onset of Outburst II and fol-
lowing the disappearance of the nuclear condensaton less
than three weeks later.
4.3. Total CCD Magnitudes of the Comet’s Debris
from Images Taken by STEREO-A
By the time the comet entered the field of view of the
HI1-A imager, it was clear that the loss of the nuclear
condensation was permanent and that the integrity of
the comet’s nucleus was compromised, its mass subjected
to severe fragmentation. We provide evidence for this
conclusion by investigating the comet’s orbital motion in
Sections 7–8, but the ground-based imaging from the last
days of July and the first days of August leaves no doubt
that in late July the object’s ability to function as an
active comet was paralyzed and that a cloud of some sort
of debris now occupied the position of the former nucleus.
To describe the debris is a major goal of this study. We
suspect thatOutburst II was a cataclysmic event and in
the following we search for more supporting evidence.
The comet entered the field of view of the HI1 imager
on board STEREO-A on July 31 and left it on August
14. The second author used the Astrometrica interac-
tive software tool to determine magnitudes of the comet’s
debris clearly visible in the level-2 images, examples of
which are displayed in Figure 5. The measurements were
made with a scanning aperture of 2 pixels in radius. With
a pixel size of ∼72′′ and the detector’s spectral band-
pass of ∼600 nm to ∼750 nm, the measured data rep-
resent total red magnitudes . Their mean error is about
±0.1 mag, substantially better than the uncertainty of
the ground-based brightness estimates. Converted to the
visual magnitudes by applying an approximate correction
of +0.4 mag, they are plotted in Figures 2 and 3. Figure 2
exhibits their excellent compatibility with the ground-
based observations; demonstrates, from about July 25
on, an enormous disparity between the light curves de-
rived from, respectively, the nuclear and total brightness
(already alluded to in Section 4.2); and indicates that
the comet’s debris in the aperture continued to brighten
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until August 14.0 UT, or 2 days before perihelion. Only
at that point did a fading set in.
The most significant piece of information on the bright-
ness evolution of the cloud of debris in Figure 3 is the
brightness-variation law of r−2 between July 31 and Au-
gust 7, implying no loss in the projected cross-sectional
area of the cloud of fragments in this time span! Regard-
less of the extent of damage inflicted upon the nucleus,
it is obvious that in this period of time the field of debris
was still traveling in an organized manner. Excluding an
unlikely scenario in which the loss rate of a cross-sectional
area is always compensated by the exactly same rate of
debris fragmentation, the r−2 law suggests that during
the week-long period the scanning aperture contained the
whole volume of the debris cloud .
Between August 7.0 and 14.0 UT, the comet’s debris
still brightened, but at a much slower rate, as ∼r− 34 . In
relation to the previous period, this trend can be inter-
preted to mean that the dimensions of the debris cloud
now began to spill outside the field covered by the scan-
ning aperture, with an ever decreasing fraction of the
cloud detected. The peak on August 14.0 UT is sharp,
the brightness then starting to drop precipitously. This
event is deemed to display the last gasp of life, result-
ing apparently in a rapidly accelerated expansion of a
second generation of debris and signaling the imminent,
ultimate demise of the comet.
5. INTERPRETATION OF THE STEREO-A LIGHT CURVE
In an effort to model the brightness variations in the
STEREO-A images, we formulate a simple hypothesis:
at time tfrg the comet’s nucleus suddenly disintegrated
into a cloud of fragments of equal dimensions, which was
optically thin and expanding isotropically with a uniform
radial velocity vexp, reaching at time t a radius
ρ(t) = vexp(t−tfrg). (1)
Let the spatial density of the fragments be independent
of the position in the cloud and decreasing with time as
ρ−3. Centered on a circular scanning aperture n pixels
in radius, the cloud stays within the aperture’s bounds
as long as
ρ ≤ a, (2)
where a is the radius of the aperture at the comet’s dis-
tance ∆ from the STEREO-A spacecraft,
a = 725np∆, (3)
with p being a pixel size in arcsec, while ∆ is in AU; a is
then in km.
As the cloud of debris keeps expanding, its radius is
sooner or later bound to exceed the radius of the scan-
ning aperture, ρ > a, the volume that stays confined to
the aperture is given by the intersection of a cylinder
of radius a and infinite length (closely approximating at
the comet the scanning cone whose vertex is at the space-
craft) with a sphere, of radius ρ, whose center is located
on the cylinder’s axis. This confined volume of space
equals the sum of the volume of the cylinder of radius a
and length 2b, where
b =
√
ρ2−a2, (4)
plus the volume occupied by two spherical caps, each
having a height ρ− b and a base radius a. The volume of
the expanding spherical cloud of debris that is confined
to the aperture equals
Uapert = 2πa
2b+
2π
3
(ρ−b)2(2ρ+ b). (5)
Since the total volume of the cloud equals Ucloud =
4
3πρ
3,
the volume fraction in the scanning aperture amounts to
(for ρ > a)
A = Uapert
Ucloud
= 1−
[
1−
(
a
ρ
)2]32
< 1, (6)
which is, on our assumptions, also the fraction of the
total cross-sectional area of the debris cloud in the aper-
ture’s field. When ρ ≤ a, the fraction is A = 1.
For the images taken after August 7.0 UT, the expres-
sion (6) is to be compared for each imaging time t with
the fraction of the cross-sectional area of the debris in the
aperture, computed from the absolute magnitude H0(t),
A = 100.4(Ĥ0−H0), (7)
where Ĥ0 is the constant absolute magnitude derived
from the images taken between July 31 and August 7,
representing the total cross-sectional area of the debris
in the cloud.
From Equation (6) the radius of the debris cloud equals
ρ = a
[
1− (1−A) 23
]− 1
2
(8)
and the hypothesis of a uniform isotropic expansion of
the debris cloud is tested by its basic condition, expressed
by Equation (1). Written as
t = tfrg +
1
vexp
ρ, (9)
the two parameters of the hypothesis, the fragmentation
time of the debris, tfrg, and the expansion velocity, vexp,
are given as the ordinate and the reciprocal of the slope,
respectively. The degree, with which the relation ap-
proximates a straight line, measures how successful our
hypothesis is. Also, if our suspicion that Outburst II was
the event that doomed the comet is correct, there should
be a correspondence between the fragmentation time tfrg
and the time of Outburst II.
The measurements of the comet’s apparent red mag-
nitudes in the HI1-A level-2 images were made with a
circular aperture of 2 pixels. With a pixel size of 71′′.94,
the aperture radius (in km) at the comet’s distance ∆
(in AU) from STEREO-A becomes according to Equa-
tion (3) a = 10.43×104∆.
Table 1 presents the apparent magnitude measure-
ments (in column 3) as a function of time, together with
the comet’s distances from STEREO-A and the Sun, the
phase angle, and the derived quantities: the absolute red
magnitude H0, the aperture radius a, the fraction of the
cross-sectional area of the cloud of debris in the aperture,
A, derived from Equation (7), and the debris cloud’s ra-
dius ρ, calculated from Equation (8).
The most striking feature of the first part of the table,
July 31.7 to August 7.0 UT, is the essentially constant
value of the absolute red magnitude, which averages
Ĥ0 = 9.92± 0.05. (10)
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Table 1
Total Red Magnitudes of Comet C/2017 S3 Measured from Level-2 Images Taken with the HI1 Camera
on Board STEREO-A on 2018 July 31–August 14
Time of Time from Apparent Distance (AU) from Absolute Aperture Cloud’s Cloud’s
Observation Perihelion Red Mag- Phase Red Mag- Radius a Fraction Radius ρ
2018 (UT) (days) nitude Probe Sun Angle nitude H0 (104 km) A (104 km)
July 31.683 −15.265 9.73 1.4446 0.5445 22◦.36 9.97 15.067 (1.0000) . . . . . .
Aug. 1.017 −14.932 9.58 1.4374 0.5358 22.34 9.87 14.992 (1.0000) . . . . . .
1.683 −14.265 9.55 1.4227 0.5183 22.32 9.93 14.839 (1.0000) . . . . . .
2.183 −13.765 9.36 1.4115 0.5052 22.31 9.81 14.722 (1.0000) . . . . . .
2.683 −13.265 9.42 1.4002 0.4920 22.33 9.95 14.604 (1.0000) . . . . . .
3.267 −12.682 9.28 1.3868 0.4765 22.37 9.90 14.464 (1.0000) . . . . . .
3.767 −12.182 9.23 1.3751 0.4632 22.44 9.93 14.342 (1.0000) . . . . . .
4.267 −11.682 9.14 1.3632 0.4499 22.54 9.92 14.218 (1.0000) . . . . . .
4.767 −11.182 9.11 1.3512 0.4366 22.68 9.98 14.093 (1.0000) . . . . . .
5.267 −10.682 8.97 1.3389 0.4232 22.87 9.92 13.965 (1.0000) . . . . . .
5.767 −10.182 8.91 1.3264 0.4098 23.13 9.95 13.834 (1.0000) . . . . . .
7.017 −8.932 8.67 1.2942 0.3765 24.12 9.92 13.499 (1.0000) . . . . . .
7.517 −8.432 8.67 1.2808 0.3632 24.70 10.01 13.359 0.9284 14.798
8.017 −7.932 8.67 1.2672 0.3500 25.42 10.11 13.217 0.8395 15.745
8.517 −7.432 8.66 1.2533 0.3370 26.29 10.19 13.072 0.7798 16.400
9.017 −6.932 8.59 1.2390 0.3241 27.36 10.22 12.928 0.7586 16.521
9.517 −6.432 8.50 1.2243 0.3114 28.64 10.22 12.769 0.7586 16.318
10.017 −5.932 8.52 1.2093 0.2989 30.16 10.35 12.613 0.6730 17.402
10.517 −5.432 8.45 1.1939 0.2868 31.96 10.38 12.452 0.6546 17.475
11.017 −4.932 8.32 1.1780 0.2751 34.08 10.34 12.287 0.6792 16.856
11.517 −4.432 8.31 1.1616 0.2639 36.53 10.43 12.115 0.6252 17.484
12.017 −3.932 8.30 1.1448 0.2533 39.35 10.53 11.940 0.5702 17.924
12.517 −3.432 8.28 1.1275 0.2435 42.56 10.61 11.760 0.5297 18.706
13.017 −2.932 8.19 1.1097 0.2346 46.18 10.62 11.574 0.5248 18.508
13.267 −2.682 8.19 1.1007 0.2305 48.14 10.67 11.480 0.5012 18.846
14.017 −1.932 8.06 1.0728 0.2200 54.61 10.70 11.189 0.4875 18.659
14.239 −1.709 8.24 1.0643 0.2175 56.69 10.91 11.101 0.4018 20.612
14.517 −1.432 8.33 1.0537 0.2147 59.36 11.07 10.990 0.3467 22.109
14.767 −1.182 8.52 1.0440 0.2126 61.84 11.30 10.889 0.2805 24.530
This absolute magnitude reflects the r−2 dependence of
the normalized magnitude in Figure 3 and implies a con-
stant cross-sectional area of the fragmented nucleus in
the scanning aperture (as noted in Section 4.3), which
equals the total cross-sectional area of the cloud, Xfrg.
Thus, besides its use in computing the fraction A in Ta-
ble 1 from Equation (7), Ĥ0 is employed to determine
Xfrg from
Xfrg =
7.03
pR
1016+0.4(H⊙−Ĥ0), (11)
where pR is the geometric albedo of the debris in the read
part of the spectrum and H⊙ is the Sun’s red magnitude.
Taking pR = 0.05 and H⊙ = −27.10, we find
Xfrg = 2200± 100 km2. (12)
The hypothesis of a uniform isotropic expansion of the
debris cloud is tested in Figure 6, in which the time of
observation is plotted as a function of the derived radius
of the cloud once it exceeded the radius of the aperture.
A least-squares fit to the data in the interval of time
August 7.5–13.3 UT yields a solution
t−tpi=−31.5 + 1.52ρ, (13)
±2.5 ±0.15
where time is in days, ρ is in 104 km, and tpi is the comet’s
perihelion time derived in Section 7. Figure 6 clearly
demonstrates the presence of a linear relationship be-
tween ρ and t and submits for the fragmentation time
tfrg−tpi=−31.5± 2.5 days (tfrg=July 15.5± 2.5 UT),
(14)
in excellent conformity with the timing of Outburst II,
which according to Figure 1 began 32.6 days before peri-
helion (July 14.4 UT) and reached a peak 1.5 days later,
31.1 days before perihelion. The cataclysmic nature of
Outburst II is hereby strongly supported. From the
slope in Equation (13) one gets for the cloud’s expansion
velocity before August 14
vexp = 76± 7 m s−1. (15)
The last four points of Table 1, referring to the mea-
sured terminal fading over a period of August 14.0-14.8
UT in Figures 2 and 3, do not fit Equation (13). Instead,
they follow a very different straight line of a considerably
flatter slope,
t−tpi=−4.4 + 0.131ρ, (16)
±0.2 ±0.010
implying an expansion velocity of 880± 70 m s−1. We
offer no conclusive interpretation of this terminal event,
but suggest that it may signal a rapid rate of sublima-
tion of the debris in the cloud, a process that would be
consistent with the high expansion velocity.
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Figure 6. Expansion of the cloud of debris after the fragmentation
of the nucleus of comet C/2017 S3. Solid circles refer to the times
between August 7.0 and 14.0 UT, when the expansion followed
Equation (13). The open circles refer to the last four entries in
Table 1. The aperture radius is also plotted.
The fit to the cross-sectional area of the fragmented nu-
cleus confined to the scanning aperture, A, is provided
by Equation (6) via Equation (13). It is plotted as a
function of time in Figure 7. The fit actually suggests
that the scanning aperture was already filled with the
fragments by August 5.56 UT, or 10.39 days before peri-
helion, when the debris cloud expanded to 13.89×104 km
in radius, which was at the time also the radius of the
aperture at the comet’s distance from STEREO-A.
In an effort to further strengthen the case for the debris
cloud’s expansion, an obvious avenue was to search for
additional evidence among the ground-based imaging ob-
servations. Unfortunately, we were able to find no data of
this kind. The expansion is surely documented qualita-
tively beyond a shadow of a doubt by, for example, com-
paring the two images in Figure 4, but quantitative data
are lacking. This may in part be due to the fact that the
boundary of the expanding cloud was buried in the coma.
The radius ρ in our model thus remains a derived, not
measured, quantity. Yet, its introduction in our formula-
tion was a convenient mathematical tool, which was jus-
tified by strong evidence from the STEREO-A light curve
of the fragmented comet and which allowed us to exam-
ine and eventually establish the relationship between the
debris and Outburst II.
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Figure 7. Interpretation of the STEREO-A light curve of comet
C/2017 S3 in terms of a temporal dependence of the fraction A
of the cross-sectional area of the fragmented nucleus, detected in
the scanning aperture 2′.4 in radius. The solid circles are the data
from Table 1 between July 31.7 and August 13.3 UT, the open
circles are the last four data points, as in Figure 6, Note that the
fit suggests that the cloud of debris began to fill the aperture as
early as August 5.56 UT, or t−tpi = −10.39 days.
6. TAIL-LIKE EXTENSION OF FRAGMENTED COMET
IN STEREO-A IMAGES
The images displayed in Figure 5 reveal, at least from
August 7 on, an extension from the cloud to the upper
right, slowly rotating clockwise. If this feature was re-
lated to the comet’s fragmentation, it would imply that a
fraction of the debris’ mass was contained in dust parti-
cles much smaller in size than the fragments in the cloud,
in fact small enough to be subjected to solar radiation-
pressure accelerations high enough to show up outside
the cloud on a time scale of only a few weeks after the
outburst. If confirmed, this would mean that our as-
sumption of the debris cloud’s isotropic expansion did
not apply fully, even though the extension is much fainter
than the cloud itself.
The extension appears to be fairly narrow, suggesting
that an approximation by a synchrone should provide at
least a crude estimate of the age of the dust that makes
the feature up. Measurement of the position angle was
extremely difficult because of the low surface brightness
of the feature, the crowded star fields, and the large pixel
size of the detector. In Table 2 we compare our measure-
ments, which could at best be accomplished with a pre-
cision of ±5◦, with the expected position angles for four
different assumed ejection (i.e., fragmentation) times and
with the negative orbital-velocity vector, which is a limit-
ing direction for early dust ejecta at large heliocentric dis-
tance. Comets arriving from the Oort Cloud are known
to release copious amounts of sizable, submillimeter-sized
and larger dust far from the Sun on approach to perihe-
lion (e.g., Sekanina 1978; Meech et al. 2009).
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Table 2
Measured and Computed Position Angles for Tail-Like Extension in STEREO-A’s HI1 Images Taken on 2018 August 7–14
P.A. of Computed Synchrone for Ejection Time (from Perihelion)b
Measured Negative
Time of Time from P.A. of Orbital- −100 days −75 days −50 days −30 days
Observation Perihelion Tail-Like Velocity
2018 (UT) (days) Extension Vectora P.A. Length P.A. Length P.A. Length P.A. Length
Aug. 7.517 −8.432 325◦ 328◦.0 321◦.5 15′.6 319◦.6 10′.8 316◦.0 6′.1 308◦.8 2′.5
8.517 −7.432 320 325.8 319.3 17.1 317.4 12.0 313.8 6.9 306.5 3.0
9.517 −6.432 320 323.3 316.7 18.8 314.7 13.3 311.0 7.9 303.7 3.6
10.517 −5.432 315 320.1 313.4 20.6 311.4 14.9 307.6 9.0 300.1 4.3
11.517 −4.432 315 316.1 309.1 11.4 307.2 16.6 303.3 10.3 295.7 5.2
12.517 −3.432 310 311.1 304.1 25.0 301.9 18.5 297.8 11.7 290.1 6.2
13.517 −2.432 300 304.7 297.6 27.5 295.2 20.6 290.8 13.5 282.9 7.5
14.517 −1.432 290 296.9 289.4 30.3 286.8 23.1 282.4 15.5 274.1 9.1
Notes.
a This position angle approximates the orientation of a tail consisting of dust ejected at very large heliocentric distances.
b The tail length refers to a locus of large dust grains (>100 µm in diameter) subjected to solar radiation-pressure accelerations of
up to 0.01 the Sun’s gravitational acceleration; the position angle varies slightly to moderately with length.
Comparison of the measured and computed position
angles clearly suggests that the tail-like extension in the
STEREO-A’s HI1 images was a product of dust emission
at early times, more than 100 days before perihelion, and
that it could not be associated with Outburst II and the
comet’s disintegration because of systematic differences
in the orientation of more than 10◦. The feature does
not fit potential dust ejecta from Outburst I either. In
summary, the feature does not contradict our hypothesis
of an isotropic, uniform expansion of the comet’s frag-
mented nucleus (Section 5).
The question that remains to be answered is why this
important conclusion requires the low-resolution HI1-A
imaging and does not appear to be supported by ground-
based imaging observations of higher quality. Here two
constraints — one physical, the other orbital — con-
spire that make in this particular respect the STEREO-A
imaging superior in spite of its low resolution power. The
physical constraint is the comet’s dust-poor nature: as
long as the object was active — until Outburst II was
over — the dust features were outperformed by the more
prominent gas features. It was only after the comet’s ac-
tivity ceased — the time approximately coinciding with
the end of the ground-based and the beginning of the
STEREO-A observations — that the dust features be-
gan to dominate the comet’s appearance.
The orbital constraint is even more important. Along
an essentially parabolic orbit, the preperihelion dust tail
is always extremely narrow until a distance from the Sun
that does not exceed the perihelion distance by more
than a factor of two or so. This is an effect of angu-
lar momentum, which in practice means that a dust tail
is restricted to a sector between the negative orbital-
velocity vector and the radius vector. The angle sub-
tended by this sector before perihelion is extremely nar-
row regardless of the geometry in the Sun-comet-Earth
configuration and is especially constraining for comets
with small perihelion distances such as C/2017 S3. In-
deed, for ground-based observations of this comet the
sector’s width never exceeded 40◦ from the time of Out-
burst I on and was merely 35◦ at the time of the last
observation on August 3. By contrast, for STEREO-A
the sector was 71◦ wide on August 7 and 106◦ wide on
August 14, allowing thus a considerably better angular
resolution of dust features. Hand in hand with this effect
went the features’ apparent length. No dust extensions
could at all be detected in late June and early July, when
they were pointing almost exactly away from the Earth,
and they would generally be quite short on ground-based
images in later times as well. STEREO-A was much
better than Earth positioned for the detection of dust
ejecta (especially the early ones) and the images taken
shortly before perihelion suited this purpose nearly per-
fectly both timewise and locationwise.
7. ORBIT DETERMINATION, AND INVESTIGATION OF
THE MOTION OF FRAGMENTED NUCLEUS
In a quest for information on the role of the two out-
bursts in the disintegration of comet C/2017 S3, we pro-
vided, in Section 5, compelling evidence of the cata-
clysmic nature of Outburst II. So far, however, we have
been unable to detect any effect on the comet by Out-
burst I, a circumstance that would support the notion
that it apparently was an innocuous event. In the fol-
lowing we investigate whether the comet’s orbital motion
was in any way impacted by Outburst I and whether the
conclusions from Section 5 on Outburst II and the nu-
cleus’ disintegration could further be corroborated.
7.1. Current Status of Comet’s Orbit Investigation
Thanks to the Pan-STARRS pre-discovery images, the
orbital arc covered by the ground-based observations was
extended to 351 days, from 2017 August 17 to 2018 Au-
gust 3. To our knowledge, two independent orbital solu-
tions are available at the time of this writing that link
positions from this entire period of time: one by Nakano
(2018b) and the other, also referred to as the MPC orbit,
by Williams (2018). They are compared in Table 3.
Nakano completed his computations shortly before a
massive amount of astrometric data was released by the
MPC on August 23, which, with several additional data
issued on September 21,10 brought their total to a very
10 See MPEC 2018-Q62 and MPEC 2018-S50, respectively.
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Table 3
Comparison of Orbital Elements for Comet C/2017 S3 by S. Nakano and G.V.Williams (Equinox J2000.0)
Quantity/Orbital element Nakano (2018b)a MPC (Williams 2018)b
Osculation epoch (TT) 2018Aug. 30.0 2018Aug. 30.0
Time of perihelion passage, tpi (TT) 2018Aug. 15.94807± 0.00005 2018Aug. 15.95648± 0.00015
Argument of perihelion, ω 255◦.89000± 0◦.00012 255◦.78201± 0◦.00235
Longitude of ascending node, Ω 171◦.04242± 0◦.00014 171◦.03523± 0◦.00027
Orbit inclination, i 99◦.03797± 0◦.00003 99◦.03918± 0◦.00006
Perihelion distance, q (AU) 0.2084633± 0.0000008 0.2085523± 0.0000058
Orbital eccentricity, e 1.0000859± 0.0000006 0.9999341± 0.0000396
Reciprocal semimajor axis:
osculation, (1/a)osc (AU−1) −0.000412± 0.000003 +0.000316± 0.000190
original,c (1/a)orig (AU
−1) +0.000015 +0.000601
Nongravitational parameters:d
A1 (10−8 AUday−2) 0 (+18.1) +24.25
A2 (10−8 AUday−2) 0 (+0.878) +1.375
Orbital arc covered by observations 2017Aug. 17–2018 July 21 (Aug. 3) 2017Aug. 17–2018 Aug. 3
Length of orbital arc (days) 338 (351) 351
Number of observations employed 161 (183) 823
Root-mean-square residual ±0′′.63 ±0′′.80 (?)
Notes.
a Parenthesized data apply to the run made only to compute the nongravitational parameters.
b Also MPC’s Orbits/Observations Database (see footnote 5); unable to reproduce reported mean residual (see Section 7.6).
c Referred to the barycenter of the Solar System.
d Derived by applying the standard nongravitational model by Marsden et al. (1973).
respectable number of 1034, but did not extend the cov-
ered orbital arc. Nakano’s gravitational solution provides
a useful starting point for a project aimed at a definitive
orbit determination. He found that until 2018 July 21
the 161 astrometric positions used could be fitted with a
mean residual of ±0′′.63, but that all observations made
after July 21 — specifically between July 23 and Au-
gust 3 — deviated from the gravitational orbit system-
atically and increasingly with time, with the residuals
of up to 30′′, negative in right ascension and positive
in declination. Thus, whatever remained of the comet’s
nucleus after Outburst II, it was located to the north-
west of the expected position. To describe the magni-
tude of the anomalous residuals, Nakano provided a sec-
ond, nongravitational solution, in which the observations
from the period of July 23–August 3 were included and
which resulted in the radial component of the nongravi-
tational acceleration at 1 AU from the Sun amounting to
+18.1×10−8AU day−2, comparable to the effect in the
motion of comet C/1993 A1 Mueller (Nakano 1994) and
equaling 0.06 percent of the Sun’s gravitational acceler-
ation. Nakano also detected a much smaller transverse
component of the force (see Table 3).
An insight into the quality of Nakano’s computations
is facilitated because he offers a table of residuals for all
the observations that he collected, both employed in the
solution and rejected ones. The table demonstrates that
the temporal distribution of residuals up to July 21 was
generally satisfactory, rarely with greater than sub-arcsec
systematic trends detectable over fairly short periods of
time. For example, on July 14–18 all residuals were posi-
tive, up to 2′′, in right ascension and negative (and lower)
in declination. Similarly, all residuals between 2017 De-
cember 13 and 2018 March 24 were negative and up to
more than 1′′.5 in right ascension.
We note that Nakano’s gravitational solution included
observations made as late as one week after the onset of
Outburst II, and it is unclear whether the minor system-
atic trends in the residuals were a corollary of this late
cutoff. Nonetheless, his orbit shows that C/2017 S3 was
clearly a dynamically new comet, arriving from the Oort
Cloud, as shown in Table 3.
By contrast, Williams presented a solution that linked
823 observations from the entire 351-days long orbital
arc. He applied the nongravitational terms and obtained
the radial- and transverse-components’ parameters that
were a little higher than the nongravitational parame-
ters obtained by Nakano when he incorporated the post-
July 21 observations. As expected, the orbital elements
by Williams differ from Nakano’s set rather significantly,
much more than the mean errors suggest. In particular,
the MPC orbit implies that the comet did not arrive from
the Oort Cloud!
In his presentation, Williams provides no information
on the distribution of the residuals, so it is not possible
to examine the quality of fit, including the presence of
long-term systematic trends. However, the mean resid-
ual significantly higher than Nakano’s is worrisome. We
return to this issue in Section 7.6.
7.2. Strategy and Methodology of the Present
Orbital Investigation
The enormous, systematic positional residuals that
Nakano (2018b) obtained from all the observations made
in late July and early August represent independent ev-
idence that after Outburst II the comet’s nucleus was in
shambles and that powerful nongravitational forces were
at work. Since positional offsets are the second integral of
nongravitational perturbations, an inertia causes a delay
before the latter show up to a degree that the scientist
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computing the orbit can no longer tolerate. Nakano un-
questionably experimented with the orbital fit before he
selected July 21 as the limit for the astrometric positions
with still acceptable residuals from his orbital solution.
However, the date of July 21 is not associated with any
milestone in the comet’s physical behavior. The light
curves in Figures 2 and 3 show that both the nuclear
and total intrinsic brightness were on this date already
in rather steep decline. Potentially correlated with this
brightness behavior was a nongravitational acceleration,
of ∼18×10−8AU day−2 at 1 AU from the Sun, which
made the center of the debris cloud move, by July 21,
some 900 km away from the expected position of the
nucleus, which corresponded to an angular deviation of
about 1′′.1 after accounting for the projection foreshort-
ening. This is about a half of the maximum residual al-
lowed by Nakano (2018b) in either coordinate,11 nearing
his rejection cutoff.
This outline of Nakano’s work leads us to a conclusion
that the proper procedure for computing an orbit that
is unaffected by perturbations of the comet’s motion
exerted in the course of an outburst is by employing
only astrometric observations that were made before
the outburst had begun. Accordingly, we focus in the
following on two classes of orbital solution:
(i) Orbits A, derived by linking accurate observations
made between 2017 August 17 and 2018 June 30.2 UT,
the onset of Outburst I, thus eliminating any effects on
the comet’s motion by Outbursts I and II; and
(ii) Orbits B, derived by linking accurate observations
made between 2017 August 17 and 2018 July 14.4 UT,
the onset of Outburst II, thus eliminating any effects by
Outburst II. Comparison with Orbits A isolates and mea-
sures the effects by Outburst I.
Nakano (2018b) listed 22 observations from the time
span of July 23 through August 3. At present the num-
ber is more than seven times as large. There are also well
over 300 observations from the time between July 14.4
and July 23. Given that the fragmented nucleus con-
sisted of essentially inert, refractory material, the strong
trends in the residuals from the gravitational orbit can be
used to provide important information on its properties.
The premise of a dominant size among the fragments —
like in the model formulated in Section 5 — allows one to
treat the residuals as offsets of the center of the debris
cloud from the positions that the nucleus would occupy
if it did not disintegrate. Mathematically, we deal with
a problem equivalent to that of the relative motion of
a companion fragment departing from the primary frag-
ment of a split comet (Sekanina 1977, 1982). In the ab-
sence of activity, the nongravitational force acting on the
debris is identified as solar radiation pressure, which re-
quires that the acceleration vary as an inverse square of
heliocentric distance. On the other hand, the isotropic
expansion of the debris cloud implies a zero impulse at
fragmentation, in which case the solution to the prob-
lem has only two parameters. One is the nucleus’ frag-
mentation time, tfrg (equivalent to the companion’s sep-
aration time); the other is the fragments’ deceleration
(i.e., acceleration in the antisolar direction) normalized
11 In his investigation of C/2017 S3, Nakano accepted in the
orbital solution an astrometric position that left a residual as high
as 2′′.1 in one coordinate, but he rejected a position that left a
residual of 2′′.5.
to 1 AU from the Sun, γ. As a measure of solar radi-
ation pressure, this deceleration, expressed in units of
the Sun’s gravitational acceleration at 1 AU (equal to
2.96×10−4AU day−2), is related to the mean diameter,
Dfrg, of the fragments in the cloud (in cm) by
Dfrg =
1.148Qpr
γδ
×10−4, (17)
where δ is the bulk density of the fragments (in g cm−3)
and Qpr is a dimensionless efficiency factor for radiation
pressure, which is close to unity for all fragments larger
than several microns in diameter.
The methodology of orbital analysis of C/2017 S3 was
motivated by the goals of this investigation, primarily
the understanding of the comet’s fragmented nucleus.
An EXORB8 orbit-determination code, written and up-
dated by A. Vitagliano, was employed by the second
author to carry out the computations. The code inte-
grates the comet’s orbital motion using a variable step
and accounts for the perturbations by the eight plan-
ets, by Pluto, and by the three most massive asteroids,
as well as for the relativistic effect. The nongravitational
terms are directly incorporated into the equations of mo-
tion, following the standard Style II model by Marsden
et al. (1973); modified nongravitational solutions with
an arbitrary scaling distance r0 (e.g., Sekanina & Kracht
2015) are readily accommodated (Section 7.5). The or-
bital elements are computed by applying a least-squares
differential-correction optimization procedure. The stan-
dard JPL DE421 ephemeris is used and the precision of
our computations is 17 decimal places.
An early task was to examine Nakano’s (2018b) finding
on the absence of a nongravitational acceleration until
days after Outburst II. Given that this was an intrinsi-
cally faint comet (Section 4.2), with a presumably small
nucleus, we felt that his result was rather surprising.
Our work on this and related problems proceeded in
four steps: we started by examining the comet’s orbital
motion in the pre-outburst period of time (i.e., Orbits A),
which terminated three weeks before the cutoff date
that Nakano chose for his gravitational solution. Sub-
sequently, in an effort to isolate potential orbital effects
by Outburst I, we investigated the orbital motion in an
extended period of time (Orbits B).
Next, we addressed the issue of feasibility to accom-
modate all observations into one solution, examined the
resulting distribution of residuals, and compared it with
the distributions derived in the first two steps. Finally,
we focused on a simulation of the orbital motion of the
fragmented nucleus, attempting to match the distribu-
tion of residuals left by the cloud of debris in terms of
an effect by solar radiation pressure. This task was ac-
complished, as explained above, by applying a standard
model for split comets.
The orbital solutions presented in Section 7.3 and be-
yond were derived using the set of 1034 ground-based ob-
servations available from the MPC (see footnote 5). The
data’s merit was extensively tested, as described in the
Appendix. Additional astrometric data were obtained
by the second author, who measured 46 images of the
comet taken by the HI1 camera on board STEREO-A.
Listed in Table 4, these positions have limited accuracy
on account of the detector’s large pixel size.
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Table 4
Astrometric Positions of Fragmented Nucleus of C/2017 S3 Measured from Images
Taken by HI1 Camera on Board STEREO-A (Code C49; Equinox J2000)
Time of Position of Fragmented Nucleus STEREO-A Geocentric Equatorial Coordinates (AU)
Observation
2018 (UT) RightAscension Declination Xequ Yequ Zequ
h m s ◦ ′ ′′
July 31.68323 00 23 48.12 +13 27 30.4 −1.54183599 +0.45422081 +0.19628030
31.84990 00 24 31.63 +13 20 43.5 −1.54310357 +0.45006553 +0.19448558
Aug. 01.01656 00 25 15.02 +13 13 57.2 −1.54435754 +0.44590735 +0.19268959
01.68323 00 28 12.41 +12 45 34.7 −1.54924030 +0.42924285 +0.18549200
01.84990 00 28 58.02 +12 38 43.0 −1.55042817 +0.42506908 +0.18368935
02.01656 00 29 43.56 +12 31 10.7 −1.55160194 +0.42089265 +0.18188547
02.18323 00 30 28.80 +12 24 01.6 −1.55276256 +0.41671304 +0.18008026
02.34990 00 31 12.94 +12 16 25.0 −1.55390981 +0.41253049 +0.17827385
02.51656 00 32 00.89 +12 09 25.6 −1.55504414 +0.40834539 +0.17646627
02.68323 00 32 48.43 +12 01 54.3 −1.55616450 +0.40415723 +0.17465739
02.84990 00 33 34.84 +11 54 13.6 −1.55727164 +0.39996631 +0.17284732
03.01656 00 34 23.06 +11 46 39.9 −1.55836520 +0.39577285 +0.17103613
03.26656 00 35 33.50 +11 35 28.8 −1.55998102 +0.38947734 +0.16831713
03.51656 00 36 45.15 +11 23 46.6 −1.56156609 +0.38317586 +0.16559551
03.76656 00 37 58.64 +11 12 06.4 −1.56312092 +0.37686850 +0.16287136
04.26656 00 40 26.91 +10 48 04.5 −1.56614051 +0.36423666 +0.15741575
04.51656 00 41 41.91 +10 36 08.6 −1.56760458 +0.35791239 +0.15468436
04.76656 00 42 59.61 +10 23 50.0 −1.56903858 +0.35158272 +0.15195064
05.01656 00 44 16.87 +10 11 22.8 −1.57044235 +0.34524775 +0.14921464
05.26656 00 45 34.62 +09 58 48.2 −1.57181536 +0.33890764 +0.14647645
05.76656 00 48 14.69 +09 33 35.3 −1.57447012 +0.32621243 +0.14099362
07.01656 00 55 13.47 +08 27 03.9 −1.58057361 +0.29439227 +0.12725121
07.26656 00 56 42.42 +08 13 13.9 −1.58170279 +0.28801512 +0.12449711
07.51656 00 58 09.42 +07 59 33.0 −1.58280122 +0.28163388 +0.12174125
07.76656 00 59 39.48 +07 45 35.1 −1.58386875 +0.27524871 +0.11898366
08.01656 01 01 12.52 +07 31 08.3 −1.58490635 +0.26885967 +0.11622446
08.51656 01 04 20.54 +07 02 37.9 −1.58688849 +0.25607053 +0.11070127
09.01656 01 07 35.31 +06 33 34.0 −1.58874762 +0.24326751 +0.10517211
09.26656 01 09 15.16 +06 19 02.7 −1.58963081 +0.23686108 +0.10240538
09.51656 01 10 57.29 +06 04 25.7 −1.59048377 +0.23045156 +0.09963736
10.01656 01 14 27.78 +05 34 40.1 −1.59209691 +0.21762372 +0.09409752
10.26656 01 16 16.39 +05 19 47.7 −1.59285710 +0.21120567 +0.09132582
10.51656 01 18 07.61 +05 04 35.3 −1.59358655 +0.20478499 +0.08855299
11.01656 01 21 55.72 +04 34 53.0 −1.59495236 +0.19193636 +0.08300420
11.26656 01 23 54.37 +04 19 58.9 −1.59558889 +0.18550867 +0.08022834
11.51656 01 25 54.48 +04 05 17.9 −1.59619467 +0.17907892 +0.07745158
11.76656 01 27 57.09 +03 50 47.8 −1.59676954 +0.17264721 +0.07467393
12.01656 01 30 03.97 +03 36 24.7 −1.59731315 +0.16621369 +0.07189555
12.51656 01 34 27.41 +03 08 08.2 −1.59830813 +0.15334167 +0.06633662
12.76656 01 36 41.84 +02 54 19.1 −1.59875934 +0.14690346 +0.06355619
13.01656 01 39 02.27 +02 40 43.4 −1.59917928 +0.14046394 +0.06077519
13.26656 01 41 25.01 +02 28 01.3 −1.59956832 +0.13402328 +0.05799368
14.01656 01 48 52.50 +01 52 53.9 −1.60054926 +0.11469553 +0.04964666
14.23878 01 51 13.17 +01 43 14.5 −1.60078605 +0.10896758 +0.04717292
14.41656 01 54 14.77 +01 32 41.2 −1.60104809 +0.10180693 +0.04408044
14.76656 01 56 56.06 +01 23 57.5 −1.60125145 +0.09536198 +0.04129705
7.3. Orbits A: Solutions Terminating at the
Onset of Outburst I
We began with 227 ground-based observations avail-
able for the Orbits A class of solutions. Because of a
high quality of an overwhelming majority of the data,
we used only those leaving in either coordinate a resid-
ual not exceeding ±1′′.5 (see the Appendix).
We first fitted a gravitational solution, which is from
now on referred to as Orbit A0. It turned out that only
8 observations, less than 4 percent of the total, failed
to satisfy the strict rejection cutoff. The 219 data points
covered an orbital arc of 317 days and, as is illustrated by
the distribution of residuals in Figure 8, the fit — within
the limits of the orbital arc used in the computation and
terminating at the onset of Outburst I — appears to
be perfect in either coordinate, with the mean residual
amounting to ±0′′.45. However, within a few days of the
termination date, the residuals begin to exhibits system-
atic trends, which are particularly strong in right ascen-
sion. The effect is displayed prominently in Figure 9,
a close-up of Figure 8 for the period of 45 days, from
June 19 through August 3, which includes 883 ground-
based observations. Yet, for two weeks after the onset of
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Figure 8. Distribution of residuals O−C from the gravitational Orbit A0 left by 219 ground-based observations from between 2017 August
17 and 2018 June 30.2 UT that were used in the solution, and by 807 ones from 2018 June 30.2 through August 3.1 UT that were not used.
Outburst I, the systematic residuals did not exceed sev-
eral arcsec in either coordinate, until the onset of Out-
burst II, at which time the disparity exploded exponen-
tially, reaching 40′′ in declination by August 3 and being
confirmed by the residuals from the STEREO-A astrom-
etry presented in Figure 10.
Table 5
Gravitational Orbit A0 for Comet C/2017 S3 from Observations
2017 August 17–2018 June 30 (Equinox J2000.0)
Osculation epoch (TT) 2018Aug. 30.0
Time of perihelion (TT) 2018Aug. 15.94623± 0.00012
Argument of perihelion 255◦.88990± 0◦.00011
Longitude of ascending node 171◦.04099± 0◦.00016
Orbit inclination 99◦.03825± 0◦.00004
Perihelion distance (AU) 0.20845832± 0.00000077
Orbital eccentricity 1.00008714± 0.00000055
Reciprocal semimajor axis:
osculation (AU−1) −0.0004180± 0.0000026
originala (AU−1) +0.0000198
Orbital arc covered (UT) 2017Aug. 17.3–2018 June 30.1
Length of orbital arc (days) 316.8
Number of observations used 219
Root-mean-square residual ±0′′.45
Notes.
a Referred to the barycenter of the Solar System.
As a means of further testing the quality of Orbit A0,
we also computed a standard Style II nongravitational
solution (see Section 7.2 for a reference) that rested on
the same 219 ground-based observations. This solution,
referred to as Orbit A1, provided, in addition to the or-
bital elements, the parameter A1 of the radial compo-
nent of the nongravitational acceleration. These orbital
elements and the associated mean residual were practi-
cally identical with those for Orbit A0 and the residu-
als never differed by more than a few hundredths of an
arcsec. For the nongrvitational parameter we obtained
A1=(+0.9± 1.9)×10−8AU day−2, thus confirming that
the comet’s motion between 2017 August 17 and 2018
June 30 was unaffected by nongravitational forces (of
measurable magnitude) and is adequately described
by Orbit A0 presented in Table 5. Orbit A0 also leaves
no doubt that the comet has indeed arrived from the
Oort Cloud.
7.4. Orbits B: Solutions Terminating at the
Onset of Outburst II
The moderate systematic trends in the residuals from
Orbit A0 over the extrapolated interval of time between
the onset of Outburst I and the onset of Outburst II,
clearly seen in Figure 9, suggest that Outburst I may
have detectably affected the comet’s orbital motion. To
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Figure 9. Close-up, from Figure 8, of the distribution of residuals
O−C from Orbit A0, left by 883 ground-based observations from
a period of 45 days, between June 19 and August 3. Note that the
76 observations between June 19 and June 30 that were used in
the solution show no systematic trends in the residuals.
gain a greater insight into this problem, we derived new
solutions by linking the nearly 300 ground-based obser-
vations made between 2018 June 30.2 and July 14.4 UT
with the observations used to compute Orbit A0. These
class B solutions should be sensitive to potential effects
by Outburst I but not Outburst II.
We started with a gravitational solution, referred to
as Orbit B0, that linked 443 ground-based observations;
70, or nearly 14 percent of a total of 513 observations
available, were removed because their residuals exceeded
the 1′′.5 rejection cutoff in at least one coordinate (see the
Appendix). The quality of the distribution of residuals
left by the observations made before mid-June 2018 was
as high as that from Orbit A0. Figure 11 displays the
residuals left by the observations between June 19 and
July 14.4 UT as well as by the ignored observations made
following the onset of Outburst II. The fit before July 14
is not quite perfect, but it is better in declination. The
value of Orbit B0, whose elements are in Table 6, is that
its residuals provide us with a fairly authentic record of
the comet’s genuine orbital motion with respect to the
hypothetical, purely-gravitational motion of the original,
intact nucleus at the times after Outburst II had begun.
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Figure 10. Distribution of residuals O−C from Orbit A0 left by
46 astrometric positions from July 31–August 14, measured from
the STEREO-A images and listed in Table 4.
Before getting to the next phase of orbital analysis, we
make two comments. One, an important aspect of Fig-
ure 11 is the absence of any progressive deviation from
the gravitational motion until about July 20. This date
is nearly identical with the end point of Nakano’s (2018b)
gravitational solution. A minor trend in the distribution
of residuals in right ascension, starting already in late
June, offers by itself enough evidence for a slight nudge
to the nucleus, which originated with Outburst I. Grant-
ing that Nakano’s result may still stand as a fair approx-
imation, we will return to this point in Section 8.
Two, comparison of Figures 9 and 11 suggests that
the distribution of residuals left by the post-Outburst II
ground-based observations does not depend strongly on
which of the two gravitational orbits, A0 or B0, was used
to fit the pre-Outburst II observations. The same like-
wise applies to the STEREO-A data. Similarly, the mean
residual of the fit by Orbit B0 to the observations from
2017 August 17 through 2018 July 14, which amounts
to ±0′′.53 (Table 6), is only moderately higher than the
mean residual of ±0′′.45 (Table 5) describing the fit by
Orbit A0 to the shorter arc. Yet, in order to improve
the solution over the orbital arc ending with the onset of
Outburst II, the introduction of a nongravitational ac-
celeration became desirable.
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Figure 11. Distribution of residuals O−C from Orbit B0 left
by 824 ground-based observations from a time span of June 19 to
August 3. Note that the peak residuals from the early August days
are smaller than the same residuals from Orbit A0 in Figure 9.
We began by including the radial component of the
nongravitational acceleration into the equations of mo-
tion of the standard Style II model (Section 7.2) in order
to determine, besides the orbital elements, the parameter
A1. Referred to as Orbit B1, this solution was based on
454 ground-based observations, thus allowing us to incor-
porate 11 additional observations that satisfied the rejec-
tion threshold of 1′′.5. At the same time, the mean resid-
ual was brought down to±0′′.50. Unlike in the case of Or-
bit A1 (Section 7.3), the nongravitational parameter was
now well defined, A1=(+10.68± 0.65)×10−8AU day−2,
with a signal-to-noise ratio exceeding 16. The observa-
tions before June 19 were fitted by Orbit B1 equally well
as by Orbit B0, so there is no need to plot this early part
of the distribution of residuals. A close-up of the critical
period of time, arranged in the same fashion as Figure 11
for Orbit B0, is displayed in Figure 12.
Comparison of the two figures suggests that the im-
provement in the quality of fit between Orbits B0 and B1
in the period of time between June 19 and July 14.4 UT
is at best marginal; at the beginning of Outburst II it is
in fact Orbit B0 that provides a somewhat better fit, es-
pecially in right ascension. This conclusion implies that
the search for an improved orbital solution is to continue.
Although we looked skeptically at the chance that the
incorporation of a transverse component (or, for that
matter, a normal component) of the nongravitational ac-
celeration could appreciably improve the fit, we tested
this option briefly by computing Orbit B2, a standard
Style II nongravitational solution with the parameter A2
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Figure 12. Distribution of residuals O−C from Orbit B1, left by
832 ground-based observations from a period of June 19–August 3.
Note that the peak residuals from the early August days are nearly
1
2
the magnitude of the same residuals from Orbit B0 in Figure 11.
of the transverse component added to A1. Orbit B2 did
further reduce the mean residual, but only insignificantly,
to ±0′′.49, and the signal-to-noise of the A2 determina-
tion amounted to only about 3; we consider the improve-
ment over the quality of Orbit B1 marginal and unim-
pressive, given that an additional parameter was solved
for. Hence, our effort to find a refined fit to the astro-
metric observations made at the time between the two
outbursts should take yet another turn.
Table 6
Gravitational Orbit B0 for Comet C/2017 S3 from Observations
2017 August 17–2018 July 14 (Equinox J2000.0)
Osculation epoch (TT) 2018Aug. 30.0
Time of perihelion (TT) 2018Aug. 15.947695± 0.000057
Argument of perihelion 255◦.89043± 0◦.00010
Longitude of ascending node 171◦.04282± 0◦.00013
Orbit inclination 99◦.03788± 0◦.00004
Perihelion distance (AU) 0.20845979± 0.00000054
Orbital eccentricity 1.00008484± 0.00000052
Reciprocal semimajor axis:
osculation (AU−1) −0.0004070± 0.0000025
originala (AU−1) +0.0000309
Orbital arc covered (UT) 2017Aug. 17.3–2018 July 14.2
Length of orbital arc (days) 330.9
Number of observations used 443
Root-mean-square residual ±0′′.53
Notes.
a Referred to the barycenter of the Solar System.
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Table 7
Comparison of Orbit B Class Solutions in Terms of Their Fitting Ground-Based Data (Linking Observations Made
Between 2017 August 17 and 2018 July 14; rejection cutoff at 1′′.5)
Scaling Sum of Squares Number of Mean Residual Nongravitational Original barycentric
Orbit Distance of Residuals observations Squared, ǫ2 parameter,A1 S/N ratio semimajor axis,a
r0 (AU) (arcsec2) used, Nobs (arcsec
2) (10−8AU day−2) (1/a)orig (AU
−1)
B0 (grav.) 247.1188 443 0.2789 . . . . . . . . . . . . +0.0000309± 0.0000025
B∗1 (0.5) 0.5 243.0475 443 0.2743 +80± 13 6.4 +0.0000293± 0.0000025
B∗1 (1.0) 1.0 246.1098 447 0.2753 +64.2± 6.9 9.3 +0.0000285± 0.0000025
B∗1 (1.5) 1.5 217.1167 448 0.2423 +32.5± 2.0 16.2 +0.0000222± 0.0000024
B∗1 (2.0) 2.0 213.0933 451 0.2362 +17.4± 1.0 17.4 +0.0000144± 0.0000025
B∗2 (2.0) 2.0 219.7210 454 0.2420 +17.3± 1.0
b 17.3 +0.0000157± 0.0000030
B∗3 (2.0) 2.0 224.2910 457 0.2454 +4.8± 2.7
c 1.8 +0.0000176± 0.0000030
B∗1 (2.5) 2.5 221.1089 453 0.2440 +12.31± 0.73 16.9 +0.0000054± 0.0000028
B1 2.808 225.0322 454 0.2478 +10.68± 0.65 16.4 0.0000000± 0.0000030
B2 2.808 213.5829 450 0.2373 +11.26± 0.65d 17.3 +0.0000067± 0.0000038
B∗1 (4.0) 4.0 230.5411 455 0.2533 +8.36± 0.54 15.5 −0.0000197± 0.0000041
B∗1 (6.0) 6.0 243.0269 457 0.2659 +7.12± 0.49 14.5 −0.0000438± 0.0000058
B∗1 (8.0) 8.0 234.4606 454 0.2582 +6.61± 0.48 13.8 −0.0000575± 0.0000065
B∗1 (10.0) 10.0 233.2839 451 0.2586 +6.65± 0.47 14.1 −0.0000711± 0.0000068
Notes.
a To be compared with the representative value from Orbit A0 in Table 5, +0.00000198± 0.0000026 AU
−1.
bWith A2 = (+0.16± 0.51)×10
−8 AU day−2.
cWith A2 = (+10.3± 2.2)×10
−8 AU day−2 and A3 = (−21.6± 4.6)×10
−8 AU day−2.
dWith A2 = (+0.92± 0.29)×10
−8 AU day−2.
7.5. Orbits B Subclass:Modified Nongravitational Laws
The standard Style II nongravitational model of Mars-
den et al. (1973), mentioned in Section 7.2, is described
by a scaling distance of r0 = 2.808 AU. This model was
over the past four decades tested extensively on a large
sample of comets, short-period ones in particular, and
found to work satisfactorily in the majority of cases. The
standard nongravitational law mimicks the outgassing
curve of water ice sublimating from a comet’s spherical
isothermal nucleus.
More recently, however, a broad variety of alternative,
modified nongravitational laws proved more successful
than the standard model in solving some specific prob-
lems associated with cometary motions. A good exam-
ple is a work by the present authors (Sekanina & Kracht
2015) on the strong erosion-driven nongravitational ac-
celeration experienced by the Kreutz sungrazing system’s
dwarf comets at extremely small heliocentric distances.
A remarkable property of the empirical nongravitational
law employed is that it does not vary with a heliocentric
distance r, but with a ratio of r/r0, in which the scaling
distance r0 is in principle a measure of the latent heat of
sublimation, L, of the ice that dominates the comet’s
outgassing activity. Since r0∼L−2, highly refractory
material with excessive values of the sublimation heat,
which sublimates only near the Sun, requires extremely
low scaling distances. In our study of the dwarf Kreutz
comets we derived scaling distances as low as ∼0.01 AU;
this is consistent with the sublimation of silicates, as for
example for forsterite we found r0 = 0.015 AU (Sekanina
& Kracht 2015). At the other extreme, for highly volatile
ices, whose sublimation heat L is very low, the scaling
distance r0 ≫ 2.8 AU and the nongravitational accelera-
tion varies essentially as r−2, as recently found by Micheli
et al. (2018) for 1I/2017 U1 (’Oumuamua).
Being unsure of an appropriate scaling distance for the
comet C/2017 S3, we ran a number of orbital solutions in
a broad range of r0, from 0.5 AU to 10 AU. The quality
of fit to a set of Nobs ground-based observations used in a
given solution is measured by the mean residual squared,
ǫ2rms, expressed as
ǫ2rms = (2Nobs)
−1
Nobs∑
i=1
[
(O−C)2RA + (O−C)2Decl
]
i
, (18)
where (O−C)RA and (O−C)Decl are the respective resid-
uals in right ascension and declination left by each in-
dividual observation. In line with the designation intro-
duced in Section 7.4 for the Orbits B class standard Style
II nongravitational solutions, we use an index k=1 for a
modified solution that provides the radial-component pa-
rameterA1; k=2 for a modified solution that, next toA1,
also provides the transverse-component parameter A2;
and extend the designation to k=3 for a modified so-
lution that provides, in addition, the normal-component
parameterA3. The modified solutions, now referred to as
Orbits B∗k (r0), are compared in Table 7 with the class B
gravitational solution, B0, and the two class B standard
nongravitational solutions. All the tabulated orbits offer
a good match to the observations made before June 19.
The best solution, B∗1 (2.0), indicates that the scaling
distance is very close to 2 AU and confirms that the ra-
dial component of the nongravitational acceleration ac-
counts for the entire effect. Inclusion of the transverse
component, in Orbit B∗2 (2.0), shows its contribution to
be essentially zero. Inclusion of the transverse and nor-
mal components, in Orbit B∗3 (2.0), leads to a spurious
solution because the radial component becomes virtually
indeterminate. Also, the match to the observations by
both B∗2 (2.0) and B∗3 (2.0) is worse than by B∗1 (2.0), in
18 Sekanina & Kracht
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Figure 13. Distribution of residuals O−C from Orbit B∗
1
(2.0) left
by 829 ground-based observartions made between June 19 and July
14.4 UT. Unlike in case of Orbit B1 (Figure 12), all observations
made after July 14, not used in the solution, leave residuals <10′′.
spite of the greater number of free parameters. All tested
solutions with a scaling distance greater than that of the
standard model show a less satisfactory match to the ob-
servations and, in contrast to the solutions with a scaling
distance near 2 AU, imply an unlikely interstellar origin
of C/2017 S3.
Orbit B∗1 (2.0) has another, rather remarkable property,
which is demonstrated in Figure 13. Although we were
fitting only the observations made prior to July 14.4 UT,
all ground-based observations made after this time leave
the residuals that are less than 10′′ in either coordinate,
and many of them are much smaller. However, the fig-
ure shows the presence in the post-Outburst II period of
time of prominent systematic trends in either coordinate
with amplitudes of >5′′ and, in right ascension at least,
with the hint of a surprisingly short period on the or-
der of perhaps three weeks or so. In addition, Figure 14
shows that Orbit B∗1 (2.0) fails to fit the positions of the
fragmented nucleus derived from the STEREO-A images
(Table 4), even though their residuals are smaller than
from other solutions (see Figure 10 for comparison).
We conclude this section by stating that Orbit B∗1 (2.0),
presented in Table 8 and incorporating a modified non-
gravitational law with a scaling distance of 2.0 AU, is
helpful in that it provides a fair (but by no means fully
satisfactory) fit to the ground-based observations made
between 2017 August 17 and 2018 July 14. Moreover,
when extrapolated, it unexpectedly well approximates
the positions of the fragmented nucleus over the extended
period of time between mid-July and August 3 (when
the ground-based observations terminated), but it does
not fit the positions determined from the STEREO-A
images. The presence of minor nonrandom trends in the
residuals as early as the beginning of July leaves no doubt
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Figure 14. Distribution of residuals O−C from Orbit B∗
1
(2.0)
left by 46 astrometric positions from July 31–August 14, obtained
by measuring the STEREO-A images.
that the orbital motion of the comet was indeed affected
by Outburst I, but only insignificantly. Comparison of
Orbits B0, B1, and B
∗
1 (2.0) in terms of the distribution
of residuals left by the observations made prior to July
14.4 UT shows that they are in fact quite similar, the ma-
jor differences taking place only among the extrapolated
residuals in late July and early August.
Table 8
Nongravitational Orbit B∗1(2.0) for C/2017 S3 from Observations
2017 August 17–2018 July 14 (Equinox J2000.0)
Osculation epoch (TT) 2018Aug. 30.0
Time of perihelion (TT) 2018Aug. 15.95495± 0.00014
Argument of perihelion 255◦.80599± 0◦.00010
Longitude of ascending node 171◦.04084± 0◦.00017
Orbit inclination 99◦.03827± 0◦.00004
Perihelion distance (AU) 0.20849309± 0.00000051
Orbital eccentricity 0.99974454± 0.00000052
Reciprocal semimajor axis:
osculation (AU−1) +0.0012253± 0.0000025
originala (AU−1) +0.0000144
Modified nongravitational lawb:
scaling distance, r0 (AU) 2.0
parameter A1 (10−8AUday−2) 17.4± 1.0
Orbital arc covered (UT) 2017Aug. 17.3–2018 July 14.2
Length of orbital arc (days) 330.9
Number of observations used 451
Root-mean-square residual ±0′′.49
Notes.
a Referred to the barycenter of the Solar System.
b Modified and standard Style II nongravitational laws share values
of r/r0 powers: m=2.15, n=5.093, and nk=23.5.
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Table 9
Comparison of Orbit C Class (Full-Range) Solutions in Terms of Their Fitting Ground-Based Data
(Linking Observations Made Between 2017 August 17 and 2018 August 3)
Scaling Sum of Squares Number of Mean Residual Nongravitational Original barycentric
Orbita Distance of Residuals observations Squared, ǫ2 parameter,A1 S/N ratio semimajor axis,b
r0 (AU) (arcsec2) used, Nobs (arcsec
2) (10−8AU day−2) (1/a)orig (AU
−1)
C1 2.808 510.4134 650 0.3926 +34.77± 0.54 64.4 −0.0001616± 0.0000048
C 1 2.808 940.0924 771 0.6097 +29.42± 0.53 55.5 −0.0001214± 0.0000048
C 2 2.808 857.3104 766 0.5596 +43.05± 0.83c 51.9 −0.0001243± 0.0000108
C∗1 (2.0) 2.0 1010.6350 843 0.5994 +25.79± 0.40 64.5 −0.0000147± 0.0000030
C∗1 (1.8) 1.8 982.9530 854 0.5755 +27.51± 0.47 58.5 −0.0000044± 0.0000029
C∗1 (1.6) 1.6 916.2434 864 0.5302 +28.18± 0.46 61.3 +0.0000065± 0.0000027
C∗1 (1.5) 1.5 870.2165 867 0.5019 +28.12± 0.45 62.5 +0.0000116± 0.0000026
C∗1 (1.4) 1.4 820.0770 870 0.4713 +28.67± 0.39 73.5 +0.0000157± 0.0000025
C∗1 (1.3) 1.3 826.4989 880 0.4696 +25.40± 0.34 74.7 +0.0000211± 0.0000025
MPCd 2.808 1207.9371 823 0.7339 +24.25e . . . . . +0.000601± 0.000190
Notes.
a Roman letter refers to a solution with a rejection cutoff at 1′′.5; italic letter to a solution with a rejection cutoff at 2′′.0.
b To be compared with the representative value from Orbit A0 in Table 5, +0.00000198± 0.0000026 AU
−1.
cWith A2 = (+2.75± 0.31)×10
−8 AU day−2.
d Data in columns 3 and 5 (at recognized rejection cutoff of 2′′.0) and error estimate in column 8 were added by us from available information.
eWith A2 = +1.375×10
−8 AU day−2.
7.6. Are There Orbital Solutions That Match Full Range
of This Comet’s Ground-Based Observations?
Given the fair degree of success of Orbit B∗1 (2.0), the
question addressed in this section is whether it is at all
possible to formulate an orbital solution that could sat-
isfactorily link the motion of the original, intact comet
before Outburst I with the motion of the cloud of de-
bris observed following Outburst II. For this purpose we
introduce a new Orbits C class of solutions derived by
including all accurate ground-based observations made
between 2017 August 17 and 2018 August 3 (referred to
below as the full-range solutions); they are extending the
classification proposed in Section 7.2.
To gain an insight into the matter, we considered the
standard Style II nongravitational law, a radial compo-
nent only (the parameter A1), and a 1
′′.5 rejection cutoff
and tried to link the full range of the observations. The
result, Orbit C1, was a disappointment because no more
than 650 observations could be linked; the remaining 384
observations — fully 37 percent of the total — left resid-
uals in excess of the imposed rejection cutoff and were
discarded. Surprisingly, the fraction of rejected observa-
tions from the period following the outset of Outburst II
was almost exactly the same, 195 out of 521. This im-
plied that the degree of success of this orbital solution
was no better prior to Outburst II; indeed, it turned out
that all 79 observations made between the beginning of
November 2017 and the end of May 2018 — long before
Outburst I — had to be discarded because their residuals
in right ascension consistently exceeded 1′′.5, reaching a
peak of 6′′(!) in early April. This is an excellent example
of residuals caused by improper modeling of the orbital
motion (see the Appendix). Although the nonrandom
deviations in declination were less dramatic, with an am-
plitude of 2′′ in November 2017, the overall effect of the
systematic trends in the residuals was clearly severe and
the orbital solution unacceptable.
Our response to this failure was to raise the rejection
limit to 2′′.0 and to repeat the exercise in order to ob-
tain OrbitC 1 (the italics signaling the increased rejec-
tion cutoff). The result was by no means encouraging:
the systematic trends in the residuals in right ascension
remained, peaking again in early April, even though the
amplitude dropped from 6′′ to less than 5′′. The new
cutoff required that 53 of 56 observations made between
the beginning of January and mid-May be rejected. Yet,
we were able to accommodate 771 ground-based observa-
tions with a mean residual of ±0′′.78.
Next, we computed OrbitC 2 by solving, besides A1,
also for the parameter A2 of the transverse component
of the nongravitational acceleration. With no changes to
the law or rejection cutoff, we found that the distribution
of residuals from this solution was in fact worse than
for OrbitC 1. Although we were able to link nearly the
same number of observations, 766, and to bring the mean
residual from ±0′′.78 down to ±0′′.75, the amplitude of
the persisting systematic trends in the residuals in right
ascension, peaking in early April, grew to fully 7′′. This
highly unsatisfactory orbital solution, parameterized in
the same fashion as the orbit by Williams (2018), showed
that increasing the number of unknowns to solve for is
not the avenue to pursue any further.
Our search for an acceptable full-range solution was
eventually at least partially rewarded when we tested
several modified nongravitational solutions, having been
encouraged by the fair success of Orbit B∗1 (2.0). We kept
solving for A1 only, holding the rejection cutoff at 2
′′.
As shown in Table 9, we continued to decrease the scal-
ing distance from 2.0 AU down to 1.3 AU and thereby
succeeded in accommodating an ever greater number of
ground-based observations, from 843 up to 880, and si-
multaneously decreasing the mean residual from ±0′′.77
down to ±0′′.68 and completely eliminating the system-
atic trends in the residuals over the period of time before
Outburst I.
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DISTRIBUTION OF RESIDUALS
FROM ORBIT C∗1 (2.0)
RESIDUALS IN DECLINATION
RESIDUALS IN RIGHT ASCENSION
OBSERVATIONS:
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Figure 15. Distribution of residuals O−C of 1034 ground-based
observations from OrbitC∗
1
(2.0) (rejection cutoff at 2′′.0). Note
that the systematic trends in right ascension reach a peak of more
than the rejection cutoff in April, but the overall range of the re-
jected residuals after Outburst II, in July–August, does not exceed
16′′ in either coordinate.
Although we could have continued to explore modified
solutions with still lower scaling distances, we stopped at
r0 = 1.3 AU because of an increase to 17
′′ in the magni-
tude of the residuals, in both coordinates, of rejected ob-
servations from early August 2018, even though the sys-
tematic trend in the residuals in right ascension, peaking
in April 2018, vanished completely. A gradual removal of
this trend with decreasing scaling distance is clearly seen
from comparsion of Orbit C∗1 (2.0) in Figure 15 with Or-
Table 10
Nongravitational Orbit C∗1(1.5) for C/2017 S3 from Observations
2017 August 17–2018 August 3 (Equinox J2000.0)
Osculation epoch (TT) 2018Aug. 30.0
Time of perihelion (TT) 2018Aug. 15.959895± 0.000063
Argument of perihelion 255◦.67571± 0◦.00010
Longitude of ascending node 171◦.03950± 0◦.00015
Orbit inclination 99◦.03856± 0◦.00005
Perihelion distance (AU) 0.20852870± 0.00000046
Orbital eccentricity 0.99941206± 0.00000055
Reciprocal semimajor axis:
osculation (AU−1) +0.0028195± 0.0000026
originala (AU−1) +0.0000116
Modified nongravitational lawb:
scaling distance, r0 (AU) 1.5
parameter A1 (10−8AUday−2) 28.12± 0.45
Orbital arc covered (UT) 2017Aug. 17.3–2018 August 3.1
Length of orbital arc (days) 350.8
Number of observations used 867
Root-mean-square residual ±0′′.71
Notes.
a Referred to the barycenter of the Solar System.
b Modified and standard Style II nongravitational laws share values
of r/r0 powers: m=2.15, n=5.093, and nk=23.5.
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Figure 16. Distribution of residuals O−C of 1034 ground-based
observations from OrbitC∗
1
(1.5) (rejection cutoff at 2′′.0). Note
the marginal systematic trends in right ascension peaking in April
and the overall range of the rejected residuals after Outburst II, in
July–August, reaching ∼20′′ in either coordinate.
bit C∗1 (1.5) in Figure 16. Other solutions between Orbits
C∗1 (2.0) and C∗1 (1.3) have intermediate properties. The
orbits with the scaling distance of 1.3–1.5 AU also offer
the best approximations to the original semimajor axis
(Table 9) and leave the smallest systematic deviations
from the STEREO-A positional data. On balance, we
slightly prefer Orbit C∗1 (1.5) to C∗1 (1.3), because the for-
mer leaves the residuals of rejected observations in early
August substantially lower, not exceeding ∼10′′; the ele-
ments are presented in Table 10.
For comparsion we also computed the distribution of
residuals from the MPC orbit by Williams (2018) (re-
produced in Table 3); it is displayed in Figure 17. Even
though the MPC solution has one more free parameter
than the modified-law solutions in Table 9, the system-
atic trend in the residuals in right ascension that peak in
April 2018 is much more prominent, having an amplitude
of 3′′. In addition, the MPC orbit accommodates some
50 fewer observations (at the same rejection level of 2′′.0)
than the modified-law solutions with r0 ≤ 1.5 AU and its
mean residual is substantially higher.12 The MPC orbit
also leaves asymmetric, systematic trends of up to 12′′
in the residuals from the rejected July–August ground-
based observations and, just as the modified-law solu-
tions, it fails to fit the STEREO-A astrometric observa-
tions from Table 4. The poor fit may also have led to
the strongly elliptical original orbit, which is evidently
inconsistent with both our and Nakano’s results.
12 We were unable to reproduce the reported mean residual of
±0′′.80 for the MPC solution; instead, our computation of the dis-
tribution of residuals left by the 823 linked observations yields a
mean residual of ±0′′.86.
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Figure 17. Distribution of residuals of 1034 ground-based ob-
servations from the MPC orbit by Williams (2018), based on the
standard nongravitational law and 823 data points that satisfy a
rejection cutoff at 2′′.0. The solution includes the parameters of the
radial and transverse components of the nongravitational acceler-
ation. Note that the systematic trend in the residuals in right as-
cension stretching from November 2017 through May 2018 is quite
formidable, amounting to at least 3′′ in April. Besides, the residu-
als of the rejected ground-based observations in late July and early
August 2018 are asymmetric and extend to ∼12′′ in declination.
While the modified-law orbits with the scaling distance
of 1.3–1.5 AU are superior to the standard-law solutions
because they are more successful in simulating the ap-
parent absence of nongravitational effects in the comet’s
motion before Outburst I (which began at a heliocentric
distance of 1.25 AU), we feel that the effort aimed at
accommodating the full range of ground-based observa-
tions, from 2017 August 17 to 2018 August 3, by a single
set of orbital elements is too ambitious given the per-
ceived anomalies in the comet’s motion especially during
Outburst II. These nongravitational perturbations were
not only substantial in magnitude but also tightly con-
strained in time. They cannot be fully accounted for
by methods that are designed to describe an essentially
continuous action of nongravitational forces. In the fol-
lowing, we employ analogy with cometary splitting in our
quest to gain a greater insight into the enigmatic orbital
behavior of comet C/2017 S3.
8. NUCLEUS’ FRAGMENTATION: DETECTION OF
TWO INDEPENDENT CLOUDS OF DEBRIS,
AND THEIR PHYSICAL PROPERTIES
In Section 7.2 we pointed out that the strong system-
atic trends in the fragmented nucleus’ residuals from the
(extrapolated) orbital motion of the intact comet mim-
icked the motion of a companion fragment, after its sep-
aration from the parent comet, relative to the primary
fragment — the problem of a split comet. Because the
motion of the intact nucleus of C/2017 S3 was unaffected
by a nongravitational acceleration, it is imperative that
the residuals from a gravitational orbital solution be em-
ployed in this exercise.
As with any other motions driven mainly by a differen-
tial deceleration (rather than a relative velocity), the sep-
aration between the fragments first increases very slowly,
because the deceleration needs time to build up the ve-
locity, which in turn needs time to build up the separa-
tion distance. However, in the advanced stages of frag-
ment separation the relative motion increases at rates
that increase rapidly. The introduction of the deceler-
ation as the dominant factor in this process always re-
sults in a much earlier time of fragmentation relative to
the time determined by the models that attribute the ef-
fect to an (exaggerated) separation velocity. The needed
fragmentation-time corrections can in some instances be-
come enormous.13
This major fragmentation-time correction and the slow
buildup of the separation distance between the fragments
implies that they cannot be spatially resolved for a fairly
long time after the event took place, and that therefore
only the resulting duplicity or multiplicity of a comet is
detected by ground-based observers, not the splitting
itself, despite frequent claims to the contrary.
Application of the model by Sekanina (1977, 1982) re-
quires that the fragmentation time of the cloud of nu-
clear debris of C/2017 S3 be equated with the compan-
ion’s time of separation and the effect of solar radiation
pressure on the debris particulates with the companion’s
nongravitational acceleration, which the model assumes
to vary as the inverse square of heliocentric distance. The
degree to which the additional condition of an isotropic
expansion of the cloud of dust debris (Section 7.2) is in
fact satisfied should be tested by checking the absence of
a separation-velocity effect.
Equipped with the outlined methodology, our primary
interest was to apply the fragmentation model to the
rapidly increasing residuals from Orbit B0 days after the
onset of Outburst II, as depicted in Figure 11. A less
prominent effect of the same kind appears to be displayed
by the distribution of residuals from Orbit A0 left by the
observations made between Outburst I and Outburst II,
as shown in Figure 9. For analysis of the process of frag-
mentation related to Outburst II, we chose Orbit B0 as
the most appropriate reference, in part because it ab-
sorbs much of the modest nongravitational perturbation
effect associated with Outburst I.
13 Neglect of a deceleration in the motion of the companion to
comet C/1956 F1 (Wirtanen) offers an example of such extreme
errors. Fitting the apparent gradual increase in the separation dis-
tance between the comet’s two nuclei over a period of more than
two years, from 1957 May 1 through 1959 September 2, Roemer
(1962, 1963) determined that the parent comet had split, with an
uncertainty of a few days, on 1957 January 1, the separation ve-
locity projected on the sky having reached ∼1.6 m s−1. She went
on to use this result in her determination of the comet’s mass. A
subsequent rigorous analysis of the motions of the two fragments
showed that the breakup had in fact occurred in September 1954,
more than 2 years (!) earlier, with an uncertainty of some 2 months,
and that the total separation velocity had been merely 0.26 m s−1
(Sekanina 1978). Although the comet was not seen double when
discovered and observed in 1956, the predicted separation at the
time was only ∼2′′, too minute (and the companion probably too
faint) to detect. — Another, a far less dramatic case is C/1947 X1,
for which Guigay (1955) presented three fragmentation scenarios,
the one with the least separation velocity, of 4.8 m s−1, implying a
fragmentation time of 1947 December 8.0 UT, 5.4 days after peri-
helion. Yet, the best rigorous solution offers a separation velocity
of only 1.9 m s−1 and a fragmentation time of November 30.5 UT,
or 2.1 days before perihelion (Sekanina 1978). Numerous other ex-
amples could be cited.
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Figure 18. Evidence of sudden fragmentation of the comet’s nucleus associated with the two outbursts, I and II. The thick curves fit the
offsets, from Orbit B0, of the observations used in the specified solution (solid circles); the thin curves show the other fit (left vs right); and
the crosses are the ignored observations. Rejection threshold at 2′′.0. Left : Fit to 367 observations made between July 16 and 31, indicating
a fragmentation time of July 15.9± 0.1 UT (1.5 days after the onset of Outburst II) and a nongravitational deceleration of 216± 6 units of
10−5 the Sun’s gravitational acceleration or (64± 2)×10−8 AU day−2. None of the 12 data points obtained on August 1–3 and only one
out of 23 (or 4 percent) obtained from July 30 on could be accommodated, the remaining ones deviating from the least-squares solutions
by more than 2′′ in at least one coordinate. Right : Fit to 86 observations made between July 23 and August 3, indicating a fragmentation
time of July 1.5± 0.7 UT (1.3 days after the onset of Outburst I) and a nongravitational deceleration of 57± 2 units of 10−5 the Sun’s
gravitational acceleration or (16.9± 0.6)×10−8AU day−2. We were able to accommodate 9 out of 12 data points obtained on August 1–3
and 13 out of a total of 23 obtained from July 30 on, that is, 75 and 58 percent, respectively.
8.1. Effect of Outburst II in Ground-Based Observations
Treated as offsets from Orbit B0, the residuals from
Figure 11 are replotted, from July 16 on, in the left-hand
side panel, and from July 1 on in the right-hand side
panel, of Figure 18. We first focus on the left-hand side
panel of the figure and notice that, consistent with ex-
pectation, in the early days after the onset of Outburst II
the offsets are distributed along the axis of abscisas, very
slowly building up a detectable deviation from it. Later
on, the offsets grow at a sharply accelerating rate, both
in right ascension and declination. It is noted that a
least-squares fit to the offsets in this advanced stage only
would show that the fragmentation occurred some time
on July 20 or 21. As long as the scientist is not concerned
with the physical implications of the orbital solution, he
would incorporate the observations from up to July 20
or 21 into his input file — just as did Nakano (2018b).
However, fitting the offsets with the fragmentation model
shows that the breakup did indeed take place nearly a
week earlier. Applying the model to 367 offsets between
July 16 and 31 and choosing a rejection cutoff of 2′′.0, we
obtain a solution with a mean residual of ±0′′.77, result-
ing in a fragmentation time of July 15.9± 0.1 UT, which
is lagging the onset of Outburst II by 1.5 days and coin-
ciding with the event’s brightness peak (Figure 1). The
deceleration γ, implied by the rapidly increasing offsets,
amounts to 216± 6 units of 10−5 the Sun’s gravitational
acceleration and is equivalent to (64± 2)×10−8AUday−2
at 1 AU from the Sun. At an assumed bulk density of
0.53 g cm−3, the dominant dust grains in the debris cloud
were, following Equation (17), exactly 1 mm in diameter.
This deceleration is nearly identical in magnitude to
the value reported by Sekanina & Chodas (2012) for the
sungrazing comet C/2011 W3 (Lovejoy). From their ex-
amination of its spine tail, they determined for the debris,
released from the disintegrating comet shortly after per-
ihelion, a radiation-pressure effect of γ = 191± 42 units
of 10−5 the Sun’s gravitational acceleration. Among the
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split comets, the short-lived companion to C/1942 X1
(Whipple-Fedtke-Tevzadze), observed over a period of
only nine days by G.Van Biesbroeck, was subjected to a
similar deceleration, equaling 228± 16 units of 10−5 the
Sun’s gravitational acceleration (Sekanina 1979, 1982).
We also ran solutions that included, as additional pa-
rameters, the normal and/or transverse components of
the separation velocity only to find that they both were
insignificant, with no effect on the result.14 Accordingly,
we see no reason for questioning the validity of the two-
parameter solution.
A caveat of major consequence does, however, pertain
to the discarded observations. Employing a rejection
threshold of 2′′, we found two groups of offsets in right
ascension and/or declination that could not be used be-
cause of their unacceptably large deviations from other-
wise a very satisfactory fit. The first group was about
two dozen offsets on July 16–26, an overwhelming major-
ity of which had the same observatory code, undoubtedly
an observer/instrumental problem. The other group was
also about two dozen offsets, from July 29–August 3, at
the very end of the orbital arc observed from the ground.
All these rejected data are depicted by the crosses in the
left-hand side panel of Figure 18. Only one offset sat-
isfied the solution on July 29, another one on July 31,
but not a single one on August 1–3; over 90 percent were
systematically off. In the context of this discrepancy, we
recall reports by independent observers (Section 3) that
in late July and early August the comet essentially lost its
nuclear condensation, aggravating positional determina-
tion. But Soulier, who contributed more than 25 percent
of the astrometric data reported for July 27–August 3
and 50 percent of the data reported for August 1–3,
not only complained that it was difficult to measure the
comet’s position (by applying a centroid routine of the
Astrometrica software tool), but also pointed out that
the comet did not occupy the expected position, as if it
were completely displaced.15
8.2. Effect of Outburst I in Ground-Based Observations
The remarkable, albeit entirely unexpected, property
of the rejected offsets from July 29–August 3 on the left of
Figure 18 is their well-organized distribution with time,
which is obvious to the extent that we could not resist
subjecting these data to the same kind of treatment as
the offsets with a confirmed reference to Outburst II. We
initiated the procedure by collecting all 23 data reported
for July 30–August 3 and by applying the two-parameter
fragmentation model. The result of this first step was
most surprising: we obtained July 1.9± 5.9 UT for the
fragmentation time, a value that is centered on the time
lagging the onset of Outburst I by 1.7 days; and a decel-
eration γ = 61± 15 units of 10−5 the Sun’s gravitational
acceleration. The mean residual was±3′′.2, the maximum
residual amounting to 8′′. This solution provides us with
clear evidence of a surviving cloud of debris related
to Outburst I, a feature similar to the cloud associated
with Outburst II, but whose existence we have as yet
been unaware of.
14 The radial component of the separation velocity could not be
determined because of its very high correlation with the fragmen-
tation time, but it probably was negligibly small as well.
15 See Soulier’s message 27180 in the Comets Mailing List web-
site; cf. footnote 2.
The large errors are caused by a long gap between the
fragmentation time and the short period of time occupied
by the offsets, as well as by our refraining from apply-
ing any rejection cutoff in this particular case. Next we
searched for all offsets between July 23 and August 3
consistent with the initial solution. Re-imposing the 2′′
rejection threshold, we collected 86 offsets and solved for
the two parameters again. We obtained a fragmentation
time of July 1.5± 0.7 UT, centered on 1.3 days after the
onset of Outburst I. The deceleration was 57± 2 units of
10−5 the Sun’s gravitational acceleration, equivalent to
(16.9± 0.6)×10−8AU day−2 and implying, on the same
bulk-density assumption as before, the dominant pres-
ence of dust grains 3.8 mm across. The mean residual
was ±0′′.98 and the run is depicted in the right-hand side
panel of Figure 18.
As with the other debris cloud, we also ran three- and
four-parameter solutions that would determine the nor-
mal and/or transverse components of the separation ve-
locity, but they always were very near zero. The deceler-
ation resulting from the adopted two-parameter solution,
is remarkably close to the value of the A1 parameter of
the previously derived nongravitational Orbit B∗1 (2.0),
which was linking the observations covering the orbital
arc up to the beginning of Outburst II (Table 8). This
encouraging agreement suggests that the debris cloud as-
sociated with Outburst I did affect the comet’s astrom-
etry at the time between the outbursts, governing the
nongravitational solution.
The residuals from the two-parameter solutions to the
debris clouds related to the two outbursts are presented
in Table 11 for all ground-based astrometric observations
made between July 27 and August 3. In the upper half
of the table, covering July 27–29, the observations refer
mostly to the debris cloud associated with Outburst II,
while its lower half, July 30–August 3, is dominated by
the observations of the debris cloud related to Outburst I.
The same result emerges from the summary Table 12,
which lists daily totals of the observations: their numbers
have a tendency to increase with time for the debris cloud
associated with Outburst I, but to decrease for the cloud
related to Outburst II. The time at which the numbers of
the two trends equate each other is not sharply defined,
but Table 11 and Table 12 consistently suggest that this
happens in general proximity of July 29/30. Since it is
the peak surface brightness that determines the spot the
measurers bisect as the “comet’s position”, the transi-
tion from one cloud to the other suggests that they were
then of approximately equal peak surface brightness, one
fading more steeply than the other. We show in Sec-
tion 8.4 that the critical time, tcrit, when the balance was
achieved — adopted to have occurred on July 30.0 UT
— provides an important piece of information, despite
the fact that the fading trends are at first sight counter-
intuitive.
8.3. Split-Comet Scenario
The comet’s nuclear condensation, determining the
comet’s astrometric position, was measured with high
accuracy as a well-behaving peak of light until the time
of Outburst I. This is documented by a low mean residual
of ±0′′.45 of Orbit A0 and a very few observations that
had to be discarded because their residuals exceeded the
rejection threshold of 1′′.5 (see Appendix).
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Table 11
Ground-Based Observations Made on 2018 July 28–August 3,
Fitting the Debris Clouds Originating at Times of
Outburst I or II (Equinox J2000)a
Time of Observ- (O−C)I (O−C)II
Observation atory Ori-
2018 (UT) Code gin R.A. Decl R.A. Decl
July 27.06161 C10 II? −1′′.1 +0′′.8 +0′′.3 +0′′.9
27.08424 C10 II? −1.0 +0.7 +0.4 +0.7
27.09769 C10 ? (−9.0 +9.0) (−7.5 +9.0)
27.09947 A77 II? (−2.6 +2.5) (−1.1 +2.6)
27.10638 A77 II? (−2.4 +2.6) (−0.9 +2.6)
27.11319 A77 II (−2.8 +1.3) −1.3 +1.3
27.11447 C10 I/II −0.6 −0.1 +0.9 0.0
27.22001 G40 I? −0.1 −1.8 +1.5 −1.8
27.22504 G40 I? −0.2 −1.0 +1.4 −1.1
28.21485 G40 I? −1.1 −0.8 +1.8 −1.9
28.22338 G40 I? −1.2 −0.5 +1.7 −1.6
29.72807 D81 II (−4.3 +1.6) +1.0 −1.7
29.72959 D81 II (−2.6 +4.4) (+2.7 +1.0)
29.78060 349 II (−5.5 +5.5) (−0.1 +2.1)
29.78203 349 II (−6.6 +6.7) (−1.3 +3.3)
30.11271 A77 I? (+0.6 +7.3) (+6.5 +3.3)
30.11846 A77 I (−1.9 −2.5) (+4.1 −6.6)
30.21280 G40 I −1.5 +0.5 (+4.7 −3.8)
30.22680 G40 I −0.6 −0.2 (+5.6 −4.4)
31.07223 K77 I (−2.2 −5.8) (+5.7 −11.8)
31.07299 K77 I? (−4.8 −3.5) (+3.1 −9.6)
31.11380 A77 ? (−2.1 +6.5) (+5.9 +0.3)
31.11811 A77 I (+2.4 +0.6) (+10.4 −5.5)
31.12388 A77 II (−7.1 +4.5) +0.9 −1.7
31.22080 G40 I +1.0 −1.0 (+9.2 −7.3)
31.22683 G40 I −0.7 +0.1 (+7.5 −6.3)
Aug. 1.22657 G40 I −0.1 +0.6 (+10.4 −8.3)
1.22890 G40 I +1.8 +0.8 (+12.4 −8.2)
2.10728 C10 I −0.2 +1.6 (+12.7 −10.0)
2.11336 C10 II? (−7.2 +9.6) (+5.7 −2.0)
2.11887 C10 I −0.8 −1.8 (+12.1 −13.4)
2.22881 G40 I +0.7 +1.4 (+13.9 −10.6)
2.23052 G40 I +1.4 +0.3 (+14.6 −11.6)
3.07515 K77 I (−1.3 +2.3) (+14.3 −12.6)
3.07591 K77 I −0.8 +1.0 (+14.9 −13.9)
3.10940 C10 I +1.4 −1.5 (+17.2 −16.5)
3.11772 C10 I? (−3.1 +6.1) (+12.7 −8.9)
3.12196 C10 I +1.5 −0.7 (+17.4 −15.7)
Note.
a (O−C)I and (O−C)II are residuals of the offsets from Orbit B0
left by the fragmentation solutions for the clouds of debris related
to, respectively, Outbursts I and II.
Starting with Outburst I, C/2017 S3 became effectively
a double comet. During this event, the major part of the
parent nucleus became the primary fragment, while the
less sizable part began disintegrating, presumably upon
separation, into a compact cloud of debris. The active
phase of the event was characterized by a sharp, star-
like condensation — typical for comets in outburst —
consisting primarily of the emitted gas and microscopic
dust ejecta, the latter being confirmed by an instant in-
crease in the Afρ parameter (e.g., Bryssinck, footnote 1).
The parallel surge of total brightness was dominated by
gas, as already acknowledged in Sections 1 and 4.2. The
contribution by the cloud of millimeter-sized debris re-
mained largely obscured for a number of days, until the
activity of the primary fragment subsided enough. Only
then did the chances of the cloud’s detection improved,
especially in properly centered small apertures used in
astrometric observations, with the opportunity peaking
just before the onset of Outburst II.
With the arrival of Outburst II, all traces of the previ-
ous activity got concealed by the newly developing fea-
ture. Within two days of the event’s onset, the primary
fragment appears to have completely disintegrated into
a second cloud of debris, believed to be much more mas-
sive but also rapidly expanding with time. Measured as-
trometric positions, referring to the bright and initially
stellar nuclear condensation at the location of the dis-
integrating nucleus, did not begin to deviate from the
extrapolated Orbit B0 until July 20/21, suggesting that,
by then, the cloud of millimeter-sized grains associated
with Outburst II began to dominate the comet’s bright-
ness in the small apertures. The expansion rate of this
cloud, given by Equation (15), explains the sharp drop in
the nuclear-condensation’s brightness seen in Figure 1. If
the cloud of millimeter-sized grains related to Outburst I
was expanding, as it turned out to be the case, at a much
lower rate, the surface-brightness peak at this cloud’s
center was dimming with time more slowly than the peak
of the debris cloud associated with Outburst II; it was
only a matter of time for the former outshining the lat-
ter. As documented by their astrometry, this is exactly
what Soulier and other observers detected in the period
of July 30 through August 3: the bisected point of max-
imum surface brightness moved from the debris cloud
related to Outburst II to that related to Outburst I; the
comet looked displaced, as illustrated in Figure 18.
The existence of two nearby peaks in the coma at the
time is corroborated by Soulier’s (see footnote 15) bright-
ness measurements in two apertures on August 3.12 UT.
Magnitude 16.2 in a 6′′.5 peak-centered aperture implies
a magnitude fainter than 12.7 in a 32′′.4 aperture, yet
Soulier reports magnitude 11.5. Since there was no ma-
jor condensation in the coma, the discrepancy implies
that the second peak was likely to have been located
within the larger aperture’s radius; Table 11 does indeed
predict that the two clouds’ centers were then about 22′′
apart.
In summary, the distribution of offsets of the observed
positions from Orbit B0 conforms closely to a concate-
nated curve representing the motions of two distinct
clouds of millimeter-sized dust grains that were released
during the two major outbursts, always some 1–2 days
Table 12
Number of Observations Made on 2018 July 28–August 3,
Referring to Debris Clouds Originating at
Times of Outburst I or II
Date of Total Related to Outburst
Observation Observatory Number
2018 (UT) Codes of Data I II
July 27 C10 ,A77 ,G40 9 3? 1+5?
28 G40 2 2? 0?
29 D81, 349 4 0 4
30 A77,G40 4 3+1? 0?
31 K77, A77,G40 7 4+1? 1
Aug. 1 G40 2 2 0
2 G40, C10 5 4 1?
3 K77, C10 5 4+1? 0
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TRAJECTORIES OF DEBRIS CLOUDS
RELATIVE TO INTACT NUCLEUS
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Figure 19. Projected trajectories of the clouds of millimeter-sized
dust grains relative to the extrapolated Orbit B0. Although the
breakup occurred on July 1.5 UT for the cloud related to Outburst I
and on July 15.9 UT for the cloud related to Outburst II, either
cloud remained close to the position determined by Orbit B0 for
an extended period of time following the fragmentation event. For
example, the separation distance of 2′′ was reached only two weeks
after fragmentation in the first case and 5 days after fragmentation
in the second case. There was no need to introduce a separation
velocity in order to fit the motions of the two debris clouds, either
one of which moved under the effects of a repulsive force that varied
as an inverse square of heliocentric distance and is believed to be
solar radiation pressure. The deceleration on the cloud related to
Outburst II was 3.8 times higher than on the other cloud.
after their onset. The debris cloud associated with Out-
burst I fits (i) the offsets at times between the outbursts
(although these offsets were not used in the solution, they
stayed within 2′′ and the cloud’s motion essentially co-
incided with the center of the nuclear condensation that
appeared after Outburst I): (ii) some of the offsets be-
tween July 23 and 27; and, most importantly, (iii) nearly
all offsets from July 30 on; but not between July 16 and
22. The cloud of millimeter-sized grains related to Out-
burst II fits the offsets in the period of time between
July 16 and 27, but only sporadically those at the later
time, and none on August 1–3. Between July 23 and
28 the projected motions of the two clouds were close
enough to each other that it is difficult to resolve to which
any particular observation referred. The centers of the
two clouds had equal right ascension on July 25.5 UT
and equal declination on July 27.0 UT. The separation
distance between them increased to 13′′ on August 1 and
to about 22′′ on August 3. Although the disintegrating
object was technically a double comet, this status was
concealed by the described configuration and brightness
relationship between the two components The trajecto-
ries of the two debris clouds relative to the extrapolated
Orbit B0 are plotted in Figure 19.
8.4. Condition of Equal Peak Surface Brightness, and
Properties of Debris Cloud Related to Outburst I
The condition of equal peak surface brightness implies
constraints on the relationship between the expansion
velocities, vexp, and the total projected scattering cross-
sectional areas, Xfrg, of the two debris clouds. A cloud’s
surface brightness is proportional to the sum of the cross-
sectional areas of the grains situated in a column of
unit projected area that extends along the line of sight.
In an isotropic and uniformly expanding, optically thin
spherical cloud of debris (see Section 5), which at time
t projects as a disk of radius ρ(t), the surface brightness
decreases symmetrically with increasing distance x from
the center of the disk. The sum of the cross-sectional
areas of the grains located inside a column of unit pro-
jected area at distance x from the disk’s center equals
σ(t, x) and varies as the column’s length,
σ(t, x) ∼
√
ρ2−x2. (19)
The surface brightness reaches a peak at the center of the
disk, where σ(t, 0) ≡ σ0(t), so that
σ(t, x) = σ0(t)
√
1−
(
x
ρ
)2
. (20)
A total cross-sectional area of all grains in the cloud is
calculated by integrating over the disk,
Xfrg =
∫ ρ
0
2πxσ(t, x) dx = 23πσ0ρ
2. (21)
While σ0 and ρ vary with time, Xfrg is for either cloud a
constant, so σ0∼ρ−2. Inserting for ρ from Equation (1);
referring, respectively, to the fragmentation time, the ex-
pansion velocity, the peak columnar cross-sectional area
of the grains (determining the peak surface brightness),
and the total cross-sectional area of the cloud of debris
associated with Outburst I as tfrg(I), vexp(I), σ0(I), and
Xfrg(I); referring, respectively, to those associated with
Outburst II as tfrg(II), vfrg(II), σ0(II), and Xfrg(II); and
equating, at time tcrit, the two peak values of the surface
brightness (i.e., the sums of the peak cross-sectional ar-
eas of the grains); we find for the relationship between
the two events’ parameters:
Xfrg(I)
v2exp(I) [tcrit−tfrg(I)]2
=
Xfrg(II)
v2exp(II) [tcrit−tfrg(II)]2
. (22)
In this dimensionless equation we know tfrg(I) and tfrg(II)
from, respectively, Sections 8.2 and 8.1; vexp(II) from
Equation (15); Xfrg(II) from Equation (12); and tcrit from
Section 8.2. Equation (22) can be written as a relation
between the two unknowns,
Xfrg(I) = η v
2
exp(I), (23)
where
η =
Xfrg(II)
v2exp(II)
[
tcrit−tfrg(I)
tcrit−tfrg(II)
]2
. (24)
Numerically, η = 1.56×106 s2.
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In Section 8.3 we suggested that the contamination
of the cloud of millimeter-sized grains associated with
Outburst I should have been minimized shortly before
the onset of Outburst II, although the question of what
fraction of the comet’s brightness it accounted for re-
mains open. An example for testing the cloud’s signal is
the observation on July 14.03 UT by E. Bryssinck (see
footnote 1), who reported the apparent red magnitude
of 14.24 in an aperture 9′′.92 in radius and of 15.56 in
an aperture 4′′.96 in radius. They are equivalent to the
phase-corrected absolute magnitudes of 13.37 and 14.69,
respectively. To find out whether at this time tobs the
debris cloud, of an expansion-velocity dependent radius
ρobs extended beyond the limits of an aperture of radius
aobs, we checked the validity of Equation (6). Denot-
ing the cross-sectional area of the debris cloud inside the
aperture at the time of observation as Xobs, the equation
can be rearranged thus:[
1− ξ
v2exp(I)
]2
=
[
1− ζ
v2exp(I)
]3
(for ρobs>aobs), (25)
where with use of Equation (23),
ξ =
Xobs
η
, ζ =
[
aobs
tobs−tfrg(I)
]2
, (26)
andXobs is expressed as a function of the absolute magni-
tude according to Equation (11). If the flux of the cloud
of millimeter-sized grains associated with Outburst I is
contaminated in the aperture by other ejecta, one gets
an upper limit on Xobs.
The condition (25) is a quadratic equation in v2exp(I),
with meaningful solutions limited to
ζ < ξ < 32 ζ (27)
and to the root with the positive sign in front of the dis-
criminator. Writing further ξ = ζ(1+ǫ) (with 0<ǫ< 12 ),
the solution becomes
v2exp(I) = ζ
[
1−ǫ
(
1+ 12ǫ+
√
ǫ
√
1+ 14ǫ
)]−1
. (28)
Returning now to the July 14 observation by Bryssinck,
the results for the larger aperture, 9′′.92 in radius, are
ξ = 58.5 m2 s−2 and ζ = 66.8 m2 s−2, so that the condi-
tion (27) is not satisfied. The dimensions of the cloud re-
lated to Outburst I are smaller than the aperture, and its
expansion velocity is lower than
√
ξ = 7.6 m s−1, which
happens to be a tenth of the expansion velocity of the
cloud associated with Outburst II. This result already
suggests that Outburst I was a far less violent event than
Outburst II.
For the smaller aperture, 4′′.96 in radius, the condition
(27) is satisfied, even though only marginally. We derive
ξ = 17.3 m2 s−2 and ζ = 16.7 m2 s−2, so that ǫ = 0.0359
and the solution (28) then implies an expansion velocity
of vexp(I) = 4.18 m s
−1, unless the observed signal’s con-
tamination by other ejecta (e.g., microscopic dust) ex-
ceeds 3–4 percent. On the same assumption we have for
the cross-sectional area of the cloud from Equation (23)
Xfrg(I) = 27 km
2, only a little more than 1 percent of the
cross-sectional area of the cloud related to Outburst II.
In order to test the validity of the assumption on the
lack of a major contamination of the measured signal, we
confront the result based on the July 14 observation with
the last ground-based observations, made by Soulier on
August 3.11–3.12 UT, when he used an aperture of 6′′.5 in
radius to measure an average apparent CCD magnitude
of 16.4 (see footnotes 5 and 15). Comparison of Soulier’s
unfiltered CCD magnitudes and Bryssinck’s red magni-
tudes suggests that after aperture correction they are es-
sentially equal, so we apply no color correction. Soulier’s
phase-corrected absolute magnitude on August 3 is then
18.6, constraining the projected area of the cloud to
Xfrg(I) < 0.8 km
2 (29)
and for the expansion velocity
vexp(I) < 0.7 m s
−1. (30)
This indicates that the cloud of millimeter-sized grains
associated with Outburst I was detected only in the im-
ages taken on the final days of the comet’s ground-based
monitoring campaign; that in the examined July 14 im-
age the cloud contributed no more than a few percent
of the signal in the smaller aperture; that the expansion
velocity was in a range that is typical for the separation
velocities of the split comets; and that Outburst I should
be classified as a nonfatal event .
8.5. Results from the STEREO-A Images
Because of the 72′′ pixel size of the HI1 imager’s detec-
tor, one should not read too much into the information
provided by the STEREO-A astrometric positions listed
in Table 4. The very fact that they refer to the debris
cloud associated with Outburst II comes from their pho-
tometry (Section 5), not astrometry.
The fragmentation solution derived from the ground-
based observations in Section 8.1 (a fragmentation time
of July 15.9 UT and a radial nongravitational accelera-
tion of 64×10−8AU day−2 at 1 AU from the Sun based
on an inverse square power law of heliocentric distance)
fits the 46 STEREO-A positions, including the several
clearly inferior points, with a mean residual of ±29′′.1.
The few final positions, which left huge negative resid-
uals in right ascension, of up to ∼170′′ from Orbit A0
(Figure 10) and up to ∼100′′ from Orbit B∗1 (2.0) (Fig-
ure 14), are now accommodated with residuals of <30′′.
No fragmentation time can at all be determined from
the STEREO-A data set alone and no meaningful results
are obtained by differentially correcting more than three
fragmentation model’s parameters at a time. When the
fragmentation time is fixed at July 15.9 UT, various so-
lutions with a mean residual of less than ±15′′, or one
fifth of the pixel size, are derived, their only common
attribute being a nongravitational-acceleration parame-
ter A1 that exceeds the value obtained from the ground-
based observations. The parameter’s value is now close
to 100×10−8AU day−2 (instead of 64×10−8AU day−2),
which by itself suggests that by the time the cloud of
debris left the field of view of the STEREO-A imager
shortly before perihelion, the dominant diameter of dust
grains in the cloud dropped to ∼0.7 mm or less, possi-
bly a sign of their incipient sublimation. Because of the
fashion in which orbital data respond to sudden events
(Section 7.2), this effect could reflect the precipitous dive
of the debris cloud’s intrinsic brightness detected in the
last several STEREO-A images (Figure 3).
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8.6. Unconfirmed Post-Perihelion Ground-Based
Observations of the Comet’s Debris
J. J. Gonza´lez16 reported his visual detection of the
comet’s debris with his 20-cm f/10 Schmidt-Cassegrain
telescope on five nights between 2018 October 16 and
November 16, estimating the total magnitude of the es-
sentially condensation-free cloud consistently at 9.7–10.1.
The feature’s diameter was near 4′ in October (when
located low above the horizon), but 8′–9′ in November
(when it was higher). On the last date, this cloud, ob-
served at magnification of 77×, was surrounded by a
“wide and very diffused extension” to 1◦.2, of complex
morphology and elongated along the orbit.
On November 20, A. Hale17 inspected the region of the
predicted position of the comet with his 41-cm f/4 reflec-
tor, detecting no trace of it with certainty. On Novem-
ber 20.504 UT, M. Suzuki18 imaged a field of 49′ by 32′
centered on the ephemeris position with a 43-cm f/4.5
telescope (+CCD) of the Remote Astronomical Society
Observatory of New Mexico near Mayhill. Visual in-
spection of the 6-minute exposure reveals no sign of any
comet-related mass. The question we address below is
whether it is possible to reconcile Gonza´lez’s detection
with Suzuki’s and Hale’s negative observations. At is-
sue is the contrast threshold (or sensitivity) of a visual
observer and a CCD device.
The most comprehensive investigation of the contrast
threshold of human vision was performed by Blackwell
(1946), who employed 19 highly trained observers with
visual acuity of 20/20, each contributing tens of thou-
sands of individual data to the published sample. More
recent reviews and studies of the subject (e.g., Clark
1990; Crumey 2014; Montrucchio 2015) still build on
Blackwell’s results.
Blackwell examined the contrast threshold as a func-
tion of two fundamental parameters, both highly relevant
to our topic. One was the luminance of a uniform back-
ground and the other was the angular size of the target
disk (stimulus). In the experiments he considered both
positive contrasts (targets brighter than the background)
and negative. The brightness of the night sky is well
within the range he studied (the work was motivated in
part by the night-operations needs of the U.S. military
that funded it), but the largest stimulus was merely 6◦ in
diameter. Fortunately, for extended targets the contrast
threshold varied little and predictably with size, allow-
ing sound extrapolation. Blackwell did not examine the
dependence of the contrast threshold on other possible
variables, including the observer’s age that Montrucchio
(and others) found to be important.
Gonza´lez made the reported observations at two high-
elevation locations and provided much relevant informa-
tion needed for judging the accuracy of his reports, in-
cluding the site’s Sky Quality Meter’s (SQM)19 measure-
ment. In all five instances the luminance of the feature,
computed from its estimated total brightness and diam-
16 See the message 27461 in the Comets Mailing List website;
cf. footnote 2.
17 See the message 27479 in the Comets Mailing List website;
cf. footnote 2.
18 See the message 27488 in the Comets Mailing List website;
cf. footnote 2.
19 For a description, see, e.g., Birriel & Adkins (2010).
eter, was above the expected average contrast threshold,
by a factor of 10 or more in October and by about 2 in
November, when the feature’s surface brightness was,
on the average, 67± 11 S10 units,20 equaling 9± 2 per-
cent of the background sky brightness. A suspicious at-
tribute of the reported feature is the sharp drop in its
surface brightness by a factor of ∼6 between October
and November.
The dependence of the contrast sensitivity on a wide
range of conditions under which a visual observation is
made does not rule out the possibility that Hale’s thresh-
old was close to, or exceeded, the feature’s inferred sur-
face brightness, in line with his failure to detect it. Of
greater concern is the feature’s apparent absence in the
image taken by Suzuki.
Unlike Gonza´lez’s observations, the CCD image is ac-
companied by few details. This observation was made
shortly before the beginning of the astronomical twilight,
with the comet at a zenith distance of 58◦ and the Sun
19◦.5 below the horizon at midexposure. The Moon was
also below the horizon, and the high altitude of the ob-
servatory (higher than Gonza´lez’s observing sites) should
have provided near-perfect conditions. We do not know
the contrast threshold of the CCD device used, but it
certainly was substantially better than visually (proba-
bly < 1 S10). We would only question whether visual
inspection of the image is enough to claim that the fea-
ture does not show up in it. We are unaware of any more
rigorous means of examination or an image-enhancement
technique having been applied. It is perhaps likely, but
not certain, that we have a problem.
In support of the possible conflict, we should point out
that the total magnitudes reported by Gonza´lez imply
a phase-corrected absolute magnitude as bright as 6.7
in October and 6.1 in November 2018.21 These do not
reconcile easily with the absolute magnitudes of 10.7 for
the intact comet before Outburst I (Section 4.2) and 9.9
for the debris cloud after Outburst II (Section 5), not to
mention the sudden drop noted in the last STEREO-A
images shortly before perihelion, when the absolute mag-
nitude slumped to 11.3 and the brightness was subsiding
at a rate of 0.8 mag per day (Table 1). The only physi-
cally plausible mechanism that we know of which could
bring about a major intrinsic brightening of a defunct
comet after a period of a few months is the process of
continuing progressive dust-grain fragmentation. If the
mass of millimeter-sized grains at the end of July should
have increased its intrinsic brightness more than thirty-
fold, their dominant dimension should over this period of
time drop by the same factor, i.e., from 1 mm to 30 µm
across. If so, however, they would occupy a strongly elon-
gated volume of space several degrees — not 9′ — long
in a position angle of 210◦.
The light curve based on the Gonza´lez magnitudes in
October–November is also problematic. A plot, against
heliocentric distance r, of the five magnitude estimates
corrected for the geocentric distance and phase effect is
flat between 1.5 and 2.1 AU: in the standard law r−n the
exponent is calculated to equal n = 0.2± 0.3 instead of
the expected n = 2.
20 1 S10 unit is a surface brightness of one magnitude 10 star
per square degree of the sky, equivalent to 27.78 mag per arcsec2.
21 When derived with the standard r−2 law.
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Any other avenue of explaining the Gonza´lez feature
would have to be purely speculative. For example, one
can postulate that most of the mass of the original nu-
cleus was inert, not participating in activity and not
fragmenting, until after the comet left both the fields
of view of the HI1 imager on board STEREO-A and the
C3 coronagraph on board SOHO, since there is no sign
of detection of such an object by either detector. Very
impressive observational evidence would be required to
make this hypothesis look credible.
We believe that while the existence of a residual mass
of the disintegrated comet C/2017 S3 is unquestionable,
it is difficult to identify it with the unconfirmed, very
bright feature reported by Gonza´lez on five occasions in
October–November. It is unfortunate that no additional
CCD imaging has been attempted to help resolve this
issue.
9. SUMMARY OF PROPERTIES OF THE DEBRIS CLOUDS
Now that we know the total projected areas of the two
debris clouds, Xfrg, and the dominant diameter, D, of the
grains that make them up, we can readily estimate the
clouds’ masses at an assumed bulk density δ. Eliminating
the number of grains from the expressions for the total
projected area and total massMfrg, we have
Mfrg = 23δDfrgXfrg. (31)
Adopting again a bulk density of δ = 0.53 g cm−3 and in-
serting for Outburst II, Dfrg(II) = 1 mm from Section 8.1
and Xfrg(II) = 2200 km
2 from Equation (12), we obtain
for the mass of the cloud associated with this outburst
Mfrg(II) = 7.8×1011 g, (32)
which equals the mass of a spherical object 140 meters in
diameter. Taking for Outburst I, Dfrg(I) = 3.8 mm from
Section 8.2 and Xfrg(I) < 0.8 km
2 from the relation (29),
we similarly find for the mass of this cloud
Mfrg(I) < 1.1×109 g, (33)
equivalent to the mass of a sphere less than 16 meters in
diameter. It would add negligibly to the dimensions of
an object 140 meters across.
Since the square of a mean outward velocity of the
grains that make up a cloud expanding with a velocity
vexp equals 〈v2〉 = 13v2exp, the kinetic energy needed to re-
lease the cloud of millimeter-sized grains in the course of
Outburst II amounts to
Ekin(II) = 7.5×1018 erg, (34)
while for the cloud conceived during Outburst I the ki-
netic energy is constrained by
Ekin(I) < 0.9×1012 erg. (35)
Although an investigation of the physical processes that
caused the outbursts is not an objective of this paper,
we note that the kinetic energy of the Outburst II cloud
amounts to the energy released in the course of the trans-
formation of less than 1010 g of amorphous water ice into
cubic ice at a temperature of ∼140K, given that the rele-
vant heat of crystallization equals 109 erg g−1 (Ghormley
1968). At a distance of 70 meters from the center of the
nucleus, this mass of ice would be contained in a layer of
less than 30 cm thick.
The mass and size of the original nucleus of the comet
were of course greater than the estimates of the large-
debris clouds suggest, although probably not by much.
The losses of outgassed ices and emitted microscopic dust
integrated over one orbital period about the Sun are for
a comet with a perihelion distance of 0.2 AU typically
equivalent to a layer several meters deep. Given that
C/2017 S3 was a dust-poor comet and that its activity
had terminated by the time of Outburst II, prior to per-
ihelion and before the comet reached 0.9 AU, the total
losses in the dimensions of the nucleus by gas and dust
emission should have been almost trivial. The only sig-
nificant mass contribution could have derived from siz-
able undetected fragments of inert material, pebbles and
boulders, should they have survived Outburst II.
For an Oort Cloud comet of this size and perihelion dis-
tance, it is rather unusual to exhibit no nongravitational
effects in the orbital motion about the Sun (Marsden et
al. 1978). Yet, C/2017 S3 is found to exemplify this pecu-
liarity before Outburst I, as demonstrated convincingly
by our first two solutions, Orbits A0 and A1. A rapidly
rotating nucleus of a low obliquity may represent a sce-
nario that is in line with the comet’s observed motion.
The rapid rotation may also have been a driver of the
fragmentation events.
Comparison of the class B solutions, which span a time
period that includes Outburst I, shows the presence of
moderate nongravitational perturbations. This event did
not paralyze the nucleus, but may have acted as a pre-
cursor event to Outburst II by providing direct access to
the nucleus’ interior over a limited area of the surface,
thereby facilitating the looming breakup.
These considerations already suggest that the two out-
bursts differed from each other markedly. The differences
are documented in the upper part of Table 13 that sum-
marizes the information gathered from the photometric
data. Besides the quantities measured directly from the
light curve (the time of onset, rise time, and amplitude),
the listed parameters include quantities that better de-
scribe the yield of either outburst’s active stage and pro-
vide a more accurate comparison of the two events: the
flux rise and its average rate (Sekanina 2017). In partic-
ular, the average flux-rise rates confirm that Outburst II
was a much more explosive event than Outburst I, a find-
ing that certainly is not obvious from comparison of the
two events’ amplitudes or Afρ values.
Information on the debris clouds is summarized in the
lower part of Table 13. The existence of the cloud associ-
ated with Outburst II was strikingly demonstrated by the
divergence of the residuals left by the post-event observa-
tions from the early gravitational orbits (A0 and B0) link-
ing the pre-outburst astrometric observations. Thanks
to the large-aperture measurements of the cloud’s to-
tal brightness in the STEREO-A images taken between
July 31 and August 14, it was possible to determine the
feature’s expansion rate.
By contrast, we were unaware of the large-debris cloud
related to Outburst I until we noticed that the ground-
based observations from July 30 to August 3 increasingly
deviated from the expected positions of the Outburst II
cloud. Although the Outburst I cloud was much fainter,
its rate of expansion was extremely low (if any; see be-
low), so that its peak surface brightness eventually ex-
ceeded that of the Outburst II cloud in the last days
Outbursts and Disintegration of Comet C/2017 S3 29
Table 13
Properties of Outbursts I and II and of Large-Debris Clouds
Associated with Outbursts
Outburst/Cloud
Property
I II
OUTBURSTS:
Category nonfatal cataclysmic
Time of onset, tonset (2018 UT) June 30.2 July 14.4
time from perihelion, tonset−tpi (days) −46.8 −32.6
heliocentric distance, ronset (AU) 1.25 0.96
Rise time, ∆τ : onset to peak (days) ∼4 1.5
Amplitide, A0 (mag) 2.5 3.2
Average flare-up rate,a Λ0 (mag day−1) 0.63 2.13
Nuclear magnitude at onsetb, (H∆)onset 15.2 15.1
Flux rise, onset to peak, ∆F (unitsc) 8.0 17.6
Average flux-rise rate, Λ (unitsd) 0.23 1.36
Average relative flux-rise rate, λ (day−1) 2.25 12.0
DEBRIS CLOUDS:
Time of fragmentation, tfrg (2018 UT) July 1.5 July 15.9
time from perihelion, tfrg−tpi (days) −45.5 −31.1
heliocentric distance, rfrg (AU) 1.23 0.92
from outburst onset, tfrg−tonset (days) +1.3 +1.5
estimated uncertainty (days) >∼ ±1 ±0.2
Nongravitational deceleration, γ (unitse) 57 216
A1 (units of 10−8 AU day−2) 16.9 63.9
Dominating grain diameter,f Dfrg (mm) 3.8 1.0
Expansion velocity,g vexp (m s−1) <0.7 76
Total cross-sectional area,h Xfrg (km
2) <0.8 2200
Total mass,f Mfrg (10
9 g) <1.1 780
Kinetic energy,f Efrg (10
15 erg) <0.0009 7500
Equivalent nucleus diameter,f Dnuc (m) <16 140
Notes.
a Defined as Λ0 = A0/∆τ ; see Sekanina (2017). Likewise for defini-
tions of ∆F , Λ, and λ.
b Referred to magnitude scale by M. Ja¨ger with scanning aperture
of 4′′ in radius.
c Units of photon cm−2 s−1.
d Units of 10−4 photon cm−2 s−2.
e Units of 10−5 the Sun’s gravitational acceleration.
f Assumed bulk density of 0.53 g cm−3.
g Possibly no expansion velocity, if the feature was a single object
(fluffy aggregate of grains) rather than a debris cloud.
h Assumed red geometric albedo of 0.05.
of ground-based observation. Only outer regions of the
Outburst II cloud, some 100,000 km in radius by this
time, were superposed on the compact Outburst I cloud.
For this reason, Soulier’s imaging on August 3 is shown
by the relation (29) to provide only an upper limit on the
projected area Xfrg(I). The tight expansion-velocity con-
straint in the relation (30) does not rule out the limit
of vexp = 0, which would imply that the feature related
to Outburst I was not in fact a cloud of debris, but a
single sizable subfragment. Its estimated brightness
and exposure to moderate radiation-pressure effects are
only reconciled if the subfragment was a devolatilized,
“fluffy” aggregate of loosely-bound dust grains (i.e.,
of very high porosity), with the dominant grain diameter
definitely smaller than the nominal size (3.8 mm across)
and more in line with the dominant size of the grains in
the Outburst II cloud. Orbit B∗1 (2.0), the best B-class
solution (Table 7), suggests that the putative aggregate’s
motion was consistent with the motion of the measured
condensation that consisted of the debris of the original
nucleus’ major fragment that was released in the course
of Outburst I and might have been still active for a short
period of time afterwards. Late July and early August
was apparently the only time when the aggregate sub-
fragment, the surviving part of the major Outburst I
fragment, was picked up and monitored, when already
inert, for several days by four independent observers (Ta-
bles 11 and 12). Survival of such a sizable piece of fluffy
nuclear debris is fascinating; major ramifications are ad-
dressed in Section 10.
Whatever its nature, the modeling of its motion should
have been carried out on the residuals of the relevant
observations from Orbit A0. However, we replaced them
with the residuals from Orbit B0 to mitigate effects of ex-
trapolation. This decision seems justified by the above
mentioned agreement between the parameter A1 from
Orbit B∗1 (2.0) and the deceleration from the fragmenta-
tion model based on Orbit B0.
Table 13 shows that fragmentation followed the on-
set of either outburst by about 1.5 days. While this in-
formation is burdened by a large error for Outburst I,
the computed uncertainty for Outburst II is only a small
fraction of a day, the time of fragmentation coinciding in
fact with the time of peak brightness (i.e., the end of the
event’s active stage). As a process, fragmentation does
not occur instantaneously, yet the data on Outburst II
suggest that the duration was very short.
From the information available, we classify Outburst I
as a nonfatal event and Outburst II as a cataclysmic
event. C/2017 S3 has a special place among comets be-
cause enough data are available to classify it equally as
a disintegrating comet and a split comet. In its capacity
as a split comet, the comet displays a very strong corre-
lation between outbursts and nuclear fragmentation — a
topic repeatedly addressed in the scientific literature over
the past decades. However, C/2017 S3 is an atypical split
comet in that it displays no primary nucleus (its position
at any time after an outburst approximated by extrapo-
lating the comet’s pre-outburst purely-gravitational mo-
tion) and two companions that have never been measured
or, indeed, observed, at the same time.
Fitting a debris cloud’s motion with a constant decel-
eration implies the presence of a dominant grain size,
which may be surprising. These grain dimensions, in
the millimeter-size range, are typical for the debris de-
tected in cometary dust trails (e.g., Sykes et al. 1990;
Reach et al. 2007) and for meteoroids in related meteor
outbursts (e.g., Jenniskens 1998). Dust grains of this
size are important in that they are large enough not to
get rapidly dispersed in space by radiation pressure, yet
small enough to have a rather high cross-section-to-mass
ratio for fairly efficiently scattering sunlight and abun-
dant to be readily noticed (unlike pebbles and boulders)
in CCD images.22 Interestingly, the post-perihelion dis-
integration of C/2011 W3 resulted in a cloud of dust
grains whose dominant size (Sekanina & Chodas 2012)
was very similar to the size we find for the cloud related
to Outburst II.
22 Also of help is a relatively steep size-distribution function for
large dust particles; Sykes et al. (1990) specifically note that most
mass and surface area of cometary trails is contributed by grains
∼1 mm in diameter.
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10. RAMIFICATIONS
Our investigation of C/2017 S3 has ramifications pri-
marily for short-lived companions of the split comets.
Based on the assumption that — as a fragment of the
original nucleus — a companion is a miniature comet
that sublimates and releases dust, its nongravitational
deceleration has been interpreted as the product of the
outgassing-driven momentum transfer the same mech-
anism that was invoked by Whipple (1950) for comets
in general. With evidence that either “companion” of
C/2017 S3 is an expanding cloud of (inert) millimeter-
sized dust grains, the nongravitational deceleration is
identified with solar radiation pressure. Could it be that
most, if not all, short-lived companions of the split
comets are expanding clouds of grains? This idea
is corroborated by well-known properties of such com-
panion nuclei, which (i) become more diffuse with time;
(ii) grow steadily in size; (iii) get progressively elongated;
and (iv) disappear on time scales equivalent at 1 AU from
the Sun to days, weeks, or, at most, 1–2 months. The
property under (iii) would in this context imply grain
crumbling, which increases the radiation pressure. The
major difference between the outgassing-driven deceler-
ation and radiation pressure — the variation with he-
liocentric distance — is mitigated by the short lifetime
of the companion nuclei and by the fact that they are
mostly observed at smaller distances from the Sun, at
which the two mechanisms imply nearly identical rates
of variation. Thus, the heliocentric-distance law cannot
readily be employed as a criterion to discriminate be-
tween the two interpretations and the problem remains
open. For persistent companions of the split comets the
outgassing-driven deceleration appears to be preferable
except perhaps shortly before the end of their lifetime.
We conclude with speculation: Is there a lesson to be
learned from the physical behavior of C/2017 S3 that
is relevant to 1I/’Oumuamua? Both objects had similar
perihelion distances, 0.21 AU and 0.25 AU, respectively,
and they both arrived from interstellar space, except that
from a distance of 105AU it took the comet 300 times
longer than 1I to get to perihelion. From a distance of
50 AU the ratio is still about 3. This means that the
comet could have accommodated to the high tempera-
tures more gradually and its interior was, on the average,
subjected to lower thermal stresses, yet C/2017 S3 did
disintegrate. Should not one expect 1I to do likewise?
A remarkable property of many comets is that their ap-
pearance in the same range of heliocentric distances be-
fore and after perihelion is very different. For C/2017 S3,
the disparity was astounding. Given that the earliest
pre-discovery observation of 1I was made five weeks af-
ter perihelion, we have absolutely no idea on how the
object looked like before perihelion, a great disadvantage
compared to C/2017 S3. On the other hand, the post-
perihelion near-encounter of 1I with the Earth allowed
close-up examination of its physical behavior, which was
unavailable for C/2017 S3. In spite of these differences
and rather limited supporting evidence, we find it both
intriguing and irresistible to suggest that, to a degree, the
two objects may have shared a similar recent history
in that they both underwent preperihelion outbursts, al-
beit on different scales, with 1I exhibiting features that
were unobservable for C/2017 S3, and vice versa.
Figure 20. Computer-generated image of a loosely-bound fluffy
aggregate of dust grains (ballistic cluster-cluster agglomeration or
BCCA; from Wada et al. 2008), whose effective bulk density may
drop below 0.0001 g cm−3. Models of this kind are devised for
studies of formation processes of planetesimals in protoplanetary
disks. With the dimensions scaled up, the model is used to simulate
outburst-surviving high-porosity fragments of a cometary nucleus.
The debris “cloud” associated with Outburst I of C/2017 S3 may
have had this kind of morphology, and we propose to apply this
paradigm to the interstellar object 1I/‘Oumuamua as well. (Image
credit: K. Wada et al., Hokkaido University, Sapporo, Japan.)
We propose that 1I had been approaching the Sun as a
small interstellar comet that experienced some weeks be-
fore perihelion an outburst, probably much smaller than
was either of the two outbursts of C/2017 S3.23 The nu-
cleus was completely devolatilized in the course of the
event, but did not disintegrate into dust entirely. Part of
it held together as a sizable, fluffy aggregate fragment
made up of loosely-bound dust grains — a kind of
drifting skeleton of the spent comet, which, as a survivor
of the outburst, was eventually discovered.
The attractive properties of such a devolatilized fluffy
aggregate fragment are the absence of activity, strongly
irregular shape that could lead to large brightness
variations during rotation or tumbling, high porosity,
i.e., high cross-section-to-mass ratio, and, consequently,
propensity to effects of the Sun’s radiation pressure,
implying the presence of nongravitational perturbations
that could be confused with outgassing-driven effects.
Consider, as a mathematical construct, an aggregate
consisting of Ngrain spherical dust grains of arbitrary but
equal diameter, Dgrain, an example of which is displayed
in Figure 20. The objective is to constrain, as a function
of the grain diameter, the mass of the aggregate,Maggr,
which is to be consistent with the light curve, the geomet-
ric albedo, and the nongravitational acceleration of the
object 1I. If δgrain is the bulk density of the grains, the ag-
gregate’s mass isMaggr = 16πδgrainD3grainNgrain, whereas
the sum of the projected areas of the grains is equal to
Xsum =
1
4πD
2
grainNgrain. Eliminating Ngrain, one derives,
similarly to Equation (31),
Maggr = 23δgrainDgrainXsum. (36)
23 All relevant images taken by the HI1 camera on board the
STEREO-A spacecraft should carefully be inspected for potential
evidence of 1I. It is unclear whether such a search has ever been
undertaken; Bannister et al. (2017) quote K. Battams that no trace
of the object was detected near perihelion on 2017 September 9,
implying that at the time it was fainter than magnitude ∼13.5.
Outbursts and Disintegration of Comet C/2017 S3 31
Because of the mutual occultations among neighboring
grains in the aggregate fragment and effects of multi-
ple scattering, the amount of scattered sunlight in any
particular direction is attenuated. The degree of attenu-
ation of the signal is measured by a logarithmic quantity
α, which normalizes the observed projected area of the
aggregate fragment, Xaggr, to Xsum,
Xaggr(α) = Xsum 10
−α (α>0). (37)
Variations in the projected area and brightness of the
aggregate fragment depend on its morphology and are
a function of the degree of attenuation. The radiation
pressure acceleration, to which the fluffy fragment is sub-
jected, exhibits significant quasi-periodic variations in
time, like the signal of scattered sunlight, but they are
far too rapid to be detected by orbital analysis, only an
averaged effect being discerned.
Turning to the light curve of 1I, its peak brightness
refers to the minimum degree of attenuation, αmin, the
minimum on the light curve to the maximum degree of
attenuation, αmax = αmin +∆α, where ∆α equals 0.4
times the amplitude in magnitudes. The mean projected
area of the aggregate fragment, 〈Xaggr〉, taken as an av-
erage of the minimum and maximum projected areas, is
with help of Equation (37) expressed as
〈Xaggr〉 = 12Xpeak
(
1+10−∆α
)
, (38)
where Xpeak = Xaggr(αmin) is the projected area of the
aggregate fragment when its light curve reaches the peak.
It is the projected area 〈Xaggr〉 that controls the magni-
tude of the detected effect of the radiation pressure.
The nongravitational parameter determined by Micheli
et al. (2018) for 1I equals, in the units used in this paper,
A1 = (+24.55± 0.80) × 10−8AU day−2, which happens
to fit the range of the decelerations of the debris clouds
related to the two outbursts of C/2017 S3 (Table 13)!
With the grain bulk density we assume in this paper, the
nominal grain diameter, D0, fitting Micheli et al.’s value
of A1 equals, following Equation (17), D0 = 2.6 mm. Be-
cause of the attenuation of scattered light, the grains in
the aggregate must individually be subjected to a higher
radiation pressure acceleration and their diameter must
be smaller than D0. Since the total grain mass does not
change, the grain diameter Dgrain is related to the nom-
inal diameter D0 by
Dgrain = D0
〈Xaggr〉
Xsum
. (39)
Inserting from Equation (39) into Equation (36), we have
Maggr = 23δgrainD0〈Xaggr〉, (40)
where 〈Xaggr〉 is given by Equation (38). Expressing now
D0 in terms of the radiation pressure parameter A1 (in
AUday−2) and bulk density δgrain (in g cm
−3), the diam-
eter (in mm) of the grains that make up the fragment is
Dgrain = 0.17
10−(6+αmin)
A1δgrain
(
1+10−∆α
)
(41)
and the fragment’s mass (in g) is
Maggr = 113 Xpeak
A1
(
1+10−∆α
)
, (42)
where Xpeak is in km
2. Equation (42) shows that the
fragment’s mass is a function of only the quantities that
are derived directly from the observations and is inde-
pendent of the grain size and the degree of attenuation.
We now tackle the photometric data. Drahus et al.’s
(2018) light curves show that, on the average, the peak
red absolute magnitude was 21.7 and the amplitude
equaled 2.6 mag. Based on Trilling et al.’s (2018) con-
siderations, we adopt a geometric albedo of 0.1, so that
the peak projected area of 1I amounts to
Xpeak = 0.021 km
2 (43)
and the aggregate model’s predicted mass for 1I is
Maggr = 107 g, (44)
nearly four orders of magnitude lower than the value im-
plied at an assumed bulk density of 0.5 g cm−3 by the
dimensions determined by Jewitt et al. (2017), demon-
strating the enormous difference between the two models.
The grain diameter is merely a parameter of the aggre-
gate model. As expected, it decreases with the increasing
degree of attenuation; it is always smaller than 1.4 mm
in the examined model.
Although the proposed hypothesis is as speculative as
any other published, it avoids difficulties with the inter-
pretation of the nongravitational acceleration and does
not introduce new difficulties with other data. We feel
that speculations on the object’s behavior along the un-
observed preperihelion arc of the orbit should be part of
the global picture and that comparison with the fate of
a small comet of similar perihelion distance should pro-
vide some insight. In this context we again call attention
to the so-far ignored possibility that the object’s appear-
ance and morphology changed near perihelion, so that at
least some of its observed properties were not necessarily
acquired before 1I had entered the inner Solar System.
The results of this investigation illustrate the advan-
tages of combining photometric and orbital analysis in
describing the attributes and impact of explosive phe-
nomena in comets of small perihelion distance. A topic
for future studies of this kind is the proposed relationship
in the orbital behavior among the disintegrating comets,
the short-lived companions of the split comets, and other
peculiar objects with similar orbital signatures.
We thank J.-F. Soulier for granting us permission to
reproduce his images of the comet. This research was
carried out in part at the Jet Propulsion Laboratory,
California Institute of Technology, under contract with
the National Aeronautics and Space Administration.
APPENDIX
REJECTING OBSERVATIONS THAT LEAVE
UNACCEPTABLY LARGE RESIDUALS
An important component of any orbit-determination ef-
fort is to subject the collected set of astrometric observa-
tions to tests in order to extract a subset of high-accuracy
data and separate them from the data of lower accuracy.
Only the high-accuracy data are then used in the orbit-
determination procedure, the lower-accuracy data being
rejected. To ensure that this has indeed been achieved re-
quires the introduction of a rejection cutoff or rejection
threshold , which eliminates all entries whose (observed
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DISTRIBUTION OF RESIDUALS
FROM ORBIT A0
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Figure A.1. Distribution of residuals O−C from Orbit A0 (gravi-
tational) left by 227 ground-based observations made on 2017 Au-
gust 17–2018 June 30, 219 of which satisfy the rejection threshold of
1′′.5 in either coordinate (solid circles), eight do not (open circles).
minus computed) residuals in right ascension, (O−C)RA,
or declination, (O−C)Decl, exceed the limit. Thus, the
extraction of the high-accuracy observations is always a
matter of personal choice. In general, a residual may
exceed the rejection cutoff for one of two fundamentally
different reasons: either it is of inferior quality or the
orbital motion of the comet is modeled inadequately.
The inferior quality of a positional observation has one
or more causes, some of which originate with the observer
and his equipment (e.g., the comet being at the limit of
detection of the telescope; a short focal length of the
telescope; a large pixel size of the CCD array; an inferior
reduction technique; etc.), whereas others do not (e.g., a
diffuse appearance of the comet’s nuclear condensation;
the lack or unfavorable distribution of comparison stars
in the imaging field or their inaccurate positions; a star
trail interfering with the comet’s image; poor observing
conditions, such as a low elevation of the object above
the horizon or poor seeing; etc.).
The aim of the extraction procedure is to reject the
data points of inferior quality (with unacceptable residu-
als of the first category) to achieve a high-quality orbital
solution (thereby unacceptable residuals of the second
category be automatically eliminated). The discrimina-
tion between the acceptable and unacceptable data is a
process that requires the incorporation of a digital fil-
ter. The category into which an observation with a large
residual belongs is determined by comparing, with one
another, observations over a limited orbital arc: if all or
most of them exhibit systematic trends) in the residu-
als, the problem is in the model of the orbital motion;
if one or a few stand out in reference to the majority, it
is the poor quality of the individual observations. Obvi-
ously, this filter fails when only very few observations are
available widely scattered over a long arc of the orbit.
Besides the digital filter, each converging orbital so-
lution is to be confronted with a self-sustaining test of
the rejection cutoff’s enforcement. Because of minor dif-
ferences between two consecutive iterations of a solu-
tion— before and after elimination of the observations
with residuals exceeding the rejection cutoff — the resid-
uals of all accepted observations change slightly and some
that marginally exceeded the limit in the first solution
(and were therefore removed from the set of used data)
just satisfied the limit in the second solution (and were
to be incorporated back into the set), while the residuals
of some of the other observations just satisfying the limit
in the first solution (and therefore kept in the set) subtly
exceeded the limit in the second solution (and were now
to be removed from the set). This process should be iter-
ated until none of the accepted observations has residuals
exceeding the limit in the next iteration and none of the
eliminated observations has residuals complying with it.
As an example, we show in Figure A.1 the distribution
of the residuals from Orbit A0 (Table 5) by 219 accepted
and eight rejected observations.
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